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INTRODUCTION 


This  project  was  a  three-year  effort  to  examine  several  fundamental 
issues  in  protecting  electronic  circuits  from  damage  by  transient 
overvoltages  caused  by  lighting  and  detonation  of  nuclear  weapons  (LHP). 

The  work  in  the  proposal  was  divided  into  three  areas:  (1)  numerical 
analysis  of  nonlinear  equations  that  describe  fundamental  protection 
circuits,  (2)  investigation  of  reflection,  transmission,  and  absorption  of 
energy  by  transient  protection  circuits,  and  (3)  investigation  of  nonlinear 
series  elements  for  overvoltage  protection  circuits. 

This  research  project  was  funded  one  year  at  a  time  with  money  from  the 
U.S.  Army  Harry  Diamond  Laboratories.  It  was  necessary  to  shift  the  goals 
and  topics  of  this  research  project  each  year  in  order  to  match  the 
sponsor's  program. 


first  year  (Aug  1987- -Aug  1988) 

The  principal  topic  during  the  first  year  of  this  project  was  a  review 
of  ways  to  make  spark  gaps  conduct  in  subnanosecond  times.  This  effort  was 
completed  in  March  1988  and  described  in  an  Army  report^-. 

Traditional  surge  (overvoltage)  waveforms  are  defined  with  just  three 
points:  two  points  on  the  leading  edge  of  the  wave  and  one  point  on  the 
tail.  Such  a  crude  definition  is  inadequate  for  mathematical  analysis  of 
surge  protection  circuits.  Therefore,  it  was  necessary  to  find  mathematical 
representations  for  the  standard  surge  waveforms  that  were  consistent  with 
the  traditional  specifications.  The  results  of  this  research  effort  was 
published  as  a  short  paper  in  the  IEEE  Transactions  on  Electromagnetic 
Compatibility  and  is  reprinted  in  this  report.  Most  of  the  unipolar 

^■R.  B.  Standler,  "Technology  of  Fast  Spark  Gaps,"  U.S.  Army  Harry  Diamond 
Laboratories  Contractor  Report  HDL-CR-89-078 ,  44  pp. ,  Sep  1989. 


waveforms  could  be  described  as  double  exponentials,  however  the  8/20  ps 
current  waveshape  can  not  be  described  as  a  sun  of  two  exponential 
functions.  During  this  work  it  was  discovered  that  the  100  kHz  Ring  Wave 
specified  in  ANSI  062.41-1980  can  not  be  satisfied  with  a  simple  damped 
cosine  waveform,  the  paper  gives  a  more  complicated  relation  that  is 
continuous  everywhere,  as  well  as  an  "almost  satisfactory"  damped  cosine 
relation. 

The  remainder  of  the  first  year  of  this  project  was  devoted  to  (1)  a 
comparison  of  different  commercially-available  laboratory  surge  generators 
and  (2)  a  proposal  to  define  surge  waveforms  with  equations,  rather  than 
with  just  three  points.  The  results  of  this  work  were  presented  at  the 
Eighth  International  Zurich  Symposium  on  Electromagnetic  Compatibility,  and 
are  reprinted  in  this  report.  As  a  result  of  this  research  work,  the 
principal  investigator  was  appointed  Chairman  of  the  Task  Force  that  wrote 
the  specification  and  tolerances  for  the  standard  surge  test  waveforms  in 
ANSI  C62.41-199X. 

Evaluation  of  commercially-available  surge  generators  for  the  100  kHz 
Ring  Wave  showed  that  three  different  models  of  generators  did  not  produce 
the  same  waveform.  Thus  there  was  a  correspondence  between  (1)  a 
specification  that  could  net  be  translated  into  a  simple  electrical  circuit 
and  (2)  a  lack  of  reproducibility  of  laboratory  waveforms  among  different 
equipment  vendors.  In  other  words,  the  neglect  of  theoretical 
considerations  (mathematical  simplicity)  caused  a  practical  problem.  Such 
situations  are  all  too  common  in  engineering.  The  principal  investigator 
has  corrected  this  situation  by  inserting  the  simple  damped  cosine  as  the 
nominal  100  kHz  Ring  Wave  specification  into  the  revision  of  ANSI  C62.41. 

To  prevent  making  existing  generators  unacceptable,  the  principal 
investigator  specified  tolerances  that  would  include  the  waveform  from  the 
old  specification  as  well  as  the  new,  damped  cosine.  The  principal 
investigator's  proposals  have  been  accepted  by  the  IEEE  Power  Engineering 
Society  Working  Group  3.6.4  that  is  revising  ANSI  C62.41.  This  revision  of 
should  be  completed  and  approved  in  1990  or  1991. 


Use  of  equations  to  specify  nominal  surge  waveforms  for  surge 


is  net  only  mote  precise  than  the  traditional  three-point  specification,  but 
the  use  of  equations  with  specific  numerical  values  for  time  constants  makes 
it  ouch  easier  to  design  laboratory  surge  generators,  as  well  as  making  it 
possible  to  do  cooputer-aided  design  of  overvoltage  protection  circuits. 

This  work  was  also  noteworthy  in  that  numerical  algorithms  were 
developed  for  objective  evaluation  of  surge  waveshapes.  As  noted  in 
Appendix  2  of  the  Zurich  paper,  these  algorithms  could  Increase  the 
resolution  of  the  data  from  the  digital  oscilloscopes. 

Another  task  completed  during  the  first  year  of  this  project  was  the 
development  of  a  module  that  contained  both  overvoltage  protection  and  a 
lew-pass  filter  for  protection  of  equipment  on  the  ac  supply  mains.  The 
results  of  this  work  were  reported  at  the  IEEE  Industry  Applications  Society 
Industrial  and  Commercial  Power  Conference  in  1988,  A  copy  of  the 
conference  paper  is  included  in  this  report.  Noteworthy  topics  in  this  work 
are  the  (1)  synergistic  actions  of  voltage  clamping  and  filtering  to 
attenuate  disturbances  on  the  mains  and  (2)  the  design  of  a  filter  that  does 
not  form  a  resonant  circuit  with  realistic  load  impedances.  This  paper  is 
one  a  very  few  treatments  in  the  archival  literature  of  the  role  of  low-pass 
filters  in  overvoltage  protection. 

second  year  (Aug  1988- -Aug  1989) 

Development  of  circuit  models  for  TPD  components  (metal  oxide 
varistors,  spark  gaps,  anc  avalanche  diodes  for  transient  suppression)  and 
their  incorporation  in  the  SPICE  circuit  simulation  program  was  scheduled  to 
be  the  principal  effort  during  the  second  year  of  this  project.  Harry 
Diamond  Laboratory  staff  insisted  on  the  use  of  SPICE  because  they  had 
already  sponsored  the  development  of  SPICE  code  and  they  preferred  to  add  to 
existing  tools,  rather  than  reinvent  them.  The  disadvantage  of  adding  code 
to  SPICE  is  that  the  SPICE  code  is  very  large:  current  versions  of  SPICE 
require  overlays  in  order  to  run  on  an  IBM  PC  desktop  computer,  even  with 
the  maximum  640  kB  of  memory.  Many  people  have  participated  in  the 
development  of  the  source  code  over  the  last  twenty  years  and  the  present 
SPICE  program  is  very  sophis ti re  ted .  Therefore,  adding  to  the  SPICE  program 


is  not  a  minor  undertaking.  However,  in  the  second  year  of  this  project  the 
level  of  funding  was  cut  to  half  of  the  amount  in  the  contract  with  the  Army 
Research  Office  due  to  government -wide  budget  cuts,  which  annihilated  our 
circuit  analysis  work  with  SPICE. 

The  principal  task  during  the  second  year  of  this  project  was  the 
development  of  a  novel  circuit  that  met  the  following  criteria: 

1.  signal  bandwidth  from  dc  to  at  least  100  MHz, 

2.  impedance  matched  to  a  SO  Q  transmission  line, 

3.  survive  an  8/20  ps  waveshape  with  a  peak  current  of  3  kA,  and 

4.  have  a  clamping  voltage  of  less  than  20  V  across  the  protected  port. 
Such  a  circuit  would  be  useful  to  protect  radio  receivers  and  computer 
local-area  networks  from  damage  by  transient  overvoltages.  This  effort  was 
successful.  Details  are  given  in  a  paper  that  was  submitted  in  Sep  1989  to 
IEEE  Trans .  on  Electromagnetic  Compatibility  for  review  and  publication.  A 
draft  copy  of  this  paper  is  included  in  this  report. 

Several  engineers  have  calculated  the  “energy  in  a  surge"  from 
measurements  of  the  voltage,  V,  and  the  relationship 
I  V2  dt 

The  principal  investigator  analyzed  this  technique  and  concluded  that  it  was 
flawed  for  a  number  of  different  reasons.  The  analysis  was  presented  at  the 
IEEE  National  Symposium  ou  Electromagnetic  Compatibility  in  March  1989.  A 
copy  of  the  conference  paper  from  the  printed  record  is  included  in  this 
report.  This  work  is  noteworthy  in  that  SPICE  was  used  to  compute  current 
and  voltage  in  a  network  that  was  excited  by  standard  surge  waveforms. 

nonlinear  series  devices 

Conventional  surge  protection  components  are  normally  nonconducting, 
but  during  an  overstress  they  have  a  resistance  of  the  order  of  1  0  or  less. 
Such  devices  are  placed  in  shunt  with  the  equipment  to  be  protected.  Any 
solid  state  device  that  can  tolerate  kiloampere  surge  currents  must  have  a 
large  cross-sectional  area,  which  makes  the  parasitic  capacitance  large. 

This  large  capacitance  makes  these  devices  inappropriate  for  applications 
where  signal  bandvidths  of  more  than  100  kHz  are  required.  Moreover,  the 


magnetic  field  from  the  large  surge  current  can  induce  destructive  voltages 

in  neighboring  conducting  loops.  This  insidious  side  effect  of  the  surge 

2 

current  has  been  discussed  in  detail 

A  nonlinear  series  device  would  be  a  useful  addition  to  the  overvoltage 
protection  armamentarium.  Such  a  device  would  be  normally  conducting  (i.e., 
resistance  less  than  10  Q) .  During  an  overstress,  the  device  would  have  a 
large  resistance  (e.g.,  more  than  1  kQ) .  Such  a  series  device  would  limit 
surge  currents  to  shunt  protective  devices  downstream.  In  particular, 
avalanche  diodes  with  a  small  junction  area  could  be  fabricated  at  the 
input/output  terminals  inside  an  integrated  circuit  as  the  final  overvoltage 
protection  device. 

Nonlinear  series  devices  may  also  be  useful  in  designing  protective 
circuits  against  long-duration  overstresses,  which  have  durations  of  at 
least  a  few  milliseconds.  Such  overvoltages  are  commonly  produced  by 
switching  power-factor  correction  capacitors  on  electric  power  distribution 
systems  or  by  continuing  current  in  cloud- to -ground  lighting  flashes  that 
strike  overhead  power  lines.  They  may  also  be  generated  by  magneto - 
hydrodynamic  electromagnetic  pulses  from  nuclear  weapons.  Conventional, 
economical  shunt  protective  devices  can  not  absorb  all  of  the  energy  in  a 
long-duration  overstress  without  damage  or  degradation. 

Several  different  polymer  positive  temperature  coefficient  (PTC) 
resistors  were  exposed  to  large  surge  currents  (e.g.,  500  A  to  3  kA  peak, 
8/20  ps  waveshape)  in  the  principal  investigator's  laboratory  during  the 
second  year  of  this  project.  All  of  the  samples  exploded.  Examination  of 
the  failed  component  showed  evidence  of  an  arc  channel  between  the  sharp 
ends  of  the  cylindrical  electrodes.  An  invention  disclosure  was  prepared 
that  suggested  a  modified  design  by  (1)  bending  the  electrodes  so  that  the 
sharp  ends  were  no  longer  in  a  region  of  intense  electric  field  and  (2) 
placing  a  ceramic  plate  between  the  electrodes  to  force  the  current  in  the 
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conductive  polymer  to  have  a  longer  path,  which  might  help  avoid  an  are 
channel.  The  Invention  disclosure  is  currently  (Nov  1989)  being  evaluated 
by  the  manufacturer  of  the  polymer  PTC  devices,  Raychem  Corporation. 

A  preliminary  effort  was  made  to  evaluate  the  use  of  depletion-mode 
power  MOSPETs  as  series  elements  in  surge  protection  circuits,  The 
parasitic  diode  between  the  drain  and  source  terminals  prevented  this  device 
from  being  useful  in  simple  protection  circuits. 

third  year  of  project 

The  principal  investigator  will  move  to  the  University  of  Kentucky  in 
July  1990  and  the  third  year  of  this  contract  will  be  performed  at  that 
institution.  At  the  present  time  (Nov  1989) ,  severe  budget  cuts  have 
removed  all  Harry  Diamond  Laboratory  money  that  was  to  be  allocated  to  this 
project.  If  funding  is  restored,  work  will  continue  on  developing  models  of 
overvoltage  protection  circuits  in  SPICE  and  will  begin  on  experimental 
evaluations  of  propagation  of  surges  on  transmission  lines. 

In  1987-1988  the  principal  Investigator  wrote  FORTRAN  programs  to  take 
the  equations  for  standard  surge  test  waveforms  and  produce  a  piecewise 
linear  representation  for  current  (or  voltage)  that  was  suitable  for 
inclusion  in  a  SPICE  circuit  file,  This  was  not  a  simple  task,  since  there 
were  conflicting  requirements; 

1.  small  number  of  points  in  the  piecewise  linear  representation, 

2.  small  relative  error  (<  0.5%)  in  linear  approximation,  and 

3.  small  relative  error  (<  20%)  in  slope  of  linear  approximation. 

The  considerable  amount  of  work  in  the  development  of  these  piecewise  linear 
representations  was  rendered  obsolete  by  a  new  feature  in  version  4.U  of 
PSPICE,  which  was  released  in  July  1989.  In  that  version  of  SPICE  one  can 
use  the  .  FUNC  command  and  either  the  E  or  G  model  to  place  analytical 
expressions  in  voltage  or  current  sources. 
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Equations  for  Some  Transient  Overvoltage  Test  first  positive  and  first  negative  peak  does  not  satisfy  the  definition  in 


Waveforms 

RONALD  B.  STANDLER.  SENIOR  MEMBER.  IEEE 

Abstract— Simple  equations  are  provided  that  satisfy  the  definitions  of 
five  of  the  most  common  transient  overvolta|e  lest  waveforms:  the 
ringwave  specified  in  ANSI  C62.41-19S0,  the  fast  transient  specified  in 
IEC  SOI,  the  S/20  ps,  1.2/50  ps,  and  the  10/1000  ps  waveforms.  These 
equations  are  useful  for  performing  computer  simulations  of  the  response 
of  electronic  circuits  to  transient  overvoltages. 

Key  Words— Overvoltage  transients,  test  waveforms. 

Index  Codt—MQt. 

I.  Introduction 

Transient  overvoltages,  which,  for  example,  may  be  caused  by 
lightning  or  switching  reactive  loads,  are  a  common  cause  of  damage 
or  upset  (temporary  malfunction)  of  electronic  circuits  and  systems. 
It  is  important  to  assess  the  vulnerability  of  electronic  systems  to 
damage  and  upset  by  transient  overvoltages,  as  well  as  to  test  the 
adequacy  of  protective  circuits.  To  this  end.  standard  publications 
describe  several  test  waveforms  that  are  representative  of  transient 
overvoltages  |l|-[3).  It  was  originally  envisioned  that  these  standard 
test  waveforms  would  be  used  during  experiments  in  a  laboratory. 
More  recently,  engineers  (including  the  author)  have  also  performed 
computer  simulations  of  the  response  of  circuits  to  transient 
overvoltages. 

The  standard  documents  define  test  waveforms  in  terms  of  front 
time,  time  to  fall  to  half  the  peak  value,  amplitude,  and,  when 
appropriate,  oscillation  frequency.  No  mathematical  relations  are 
given  in  these  standard  documents.  Equations  would  be  convenient 
for  engineers  who  wish  to  perform  computer  simulations  of  transient 
protection  circuits.  Further,  having  the  time  constants  (rather  than 
front  time  and  time  to  half-value)  makes  it  easier  to  design  RLC 
pulse-forming  networks  (PFN’s)  for  use  in  laboratory  pulse  genera¬ 
tors. 

II.  100-kHz  Ring  Waveform 

A  simple  mathematical  expression  for  the  0.5-ms-  100-kHz  ring 
wave  that  is  specified  in  [2]  is  V(t),  as  given  by  (1): 

V(t)  =  AVp{l  -  exp  ( —  r/r,)}  exp  ( —  r/r2)  cos  (u/)  (1) 

where  T|  =  0.5334  ms.  r2  =  9.788  ms.  w  =  2ir  105  s" ',  A  =  1.590, 
t  is  the  time,  and  Vp  is  the  maximum  or  peak  value  of  V{t). 

The  definition  of  the  ring  wave  in  (2]  states  that  the  amplitude 
decays  to  60  percent  between  adjacent  positive  and  negative  peaks. 
These  peaks  occur  5  ns  apart,  except  that  the  first  positive  and  first 
negative  peaks  occur  about  3.9  ns  apart  (owing  to  the  rise-time  term). 
The  decay  of  the  ring  wave  in  (I)  is  given  by  the  exp  ( -  //r2)  term, 
where  the  value  of  r2  is  determined  by 

exp  (-5  ms/t2)  =  0.6. 

In  the  representation  given  by  (I),  the  decay  of  amplitude  between  the 
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(2].  The  first  negative  peak  has  an  amplitude  that  is  96.7  percent  of 
Vp;  however,  the  relative  amplitudes  of  all  other  peaks  are  correct. 
To  satisfy  the  definition  with  (1)  requires  that  the  time  constant  r2 
change  value  between  the  first  and  second  half-cycles  of  the 
waveform.  This  is  not  only  unphysical,  but  the  methods  that  I  have 
tried  spoiled  the  ratio  of  amplitudes  of  the  first  negative  peak  and  the 
second  positive  peak. 

An  accurate  representation  of  the  ring  wave  that  is  defined  in  [2] 
can  be  achieved  by  using  (2): 

.y(0=/t{l-exp  (-f/T|)}  exp  (-f/T2)  cos  ( ut ) 

BVpy{\+r\y),  Os rs 2. 5  ms 

BV„y,  2.5  ms w 

where  T\  =  0.4791  ms.  t2  =  9.788  ms,  u  =  2r-  10s  s' A  =  1.590, 
B  =  0.6205,  and  i\  =  0.523.  Notice  that  the  value  of  T|  has  changed 
from  that  given  above  with  (I).  While  this  equation  is  defined  in  a 
piecewise  fashion,  both  V(t )  and  its  derivative  are  continuous  for  /  > 
0.  The  effect  of  this  procedure  is  to  make  the  first  positive  peak 
greater  than  it  was  in  ( I).  so  that  the  amplitudes  of  all  of  the  peaks  are 
correct.  A  plot  of  (2)  is  shown  in  Fig.  1 . 

III.  8/20  ms  Waveform 

A  simple  mathematical  expression  for  the  8/20  ms  current 
waveform  that  is  specified  in  [1)-13]  is  /(/),  as  given  by  (3): 

/(t)  =  A/ptk  exp  (-r/r)  (3) 

where  A  =  0.01405  (ms)'*,  k  =  2.93,  r  =  3.977  ms.  t  is  the  time 
in  microseconds,  and  lp  is  the  peak  value  of  the  current.  Unfortu¬ 
nately,  this  expression  cannot  be  integrated  analytically  to  obtain  the 
charge  transferred.  A  good  approximation,  which  can  be  integrated 
analytically,  results  when  the  constants  have  the  following  values:  k 
=  3.0,  t  =  3.911  ms,  and  A  =  0.01243  (ms)"3-  A  plot  of  (3)  with  k 
=  3.0  is  shown  in  Fig.  2. 

The  rJ  approximation  gives  a  front  time  that  is  0.3  percent  too 
large,  and  a  time  to  half-value  that  is  0.3  percent  too  small.  However, 
this  smaTPerror  is  outweighed  by  having  an  equation  for  current  that 
can  be  integrated  analytically.  The  standards  [1],  [3]  specify  a 
tolerance  of  ±  10  percent  for  both  the  8-ms  front  time  and  the  20-fis 
time  to  half-value,  so  the  0.3-percent  error  in  using  the  t1 
approximation  is  well  within  acceptable  limits. 

It  should  be  noted  that  the  8-ms  “virtual  duration  of  wavefront”  is 
clearly  defined  in  [1]  and  [3].  If  the  initial  part  of  the  waveform  were 
a  linear  function  of  time  (it  is  not),  then  the  virtual  duration  of  the 
wavefront  would  be  the  time  between  the  initial  zero  and  the  peak,  or 
crest,  of  the  waveform. 

IV.  1.2/50  ms  Waveform 

The  1 .2/50  ms  voltage  waveform  that  is  specified  in  (l]-[3)  is  K(/), 
as  given  by  (4): 

V(t)  =  AVp{  \  -  exp  (-  //T|)}  exp  (-//r2)  (4) 

where  r i  =  0.4074  ms.  r2  =  68.22  ms,  A  =  1 .037,  /  is  the  time,  and 
Vp  is  the  peak  value  of  V(t).  The  standards  [Ij,  [3]  specify  that  a 
tolerance  of  ±30  percent  applies  to  the  1.2-ms  front  time  and  a 
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TIME  (is  time  MS 

Fig.  1.  O.S-(U-IOO-kHz  ring  wave.  Fig.  3.  1.2/50  (is. 


0  10  10  30  40  90 

TIME  vi 

Fig.  2.  8/20  (is. 


tolerance  of  ±  20  percent  applies  to  the  50-(is  time  to  half-value.  A 
plot  of  (4),  with  the  parameters  for  a  1 .2/50  (is  waveform,  is  shown  in 
Fig.  3. 

V.  10/1000  (is  Waveform 

The  10/1000  ps  waveform  represents  transient  overvoltages  that 
appear  on  telephone  lines  during  thunderstorms  [4],  [5],  While  it  is 
obvious  from  the  designation  “10/1000  (is"  that  the  "front  time”  has 
a  duration  of  10  (is,  it  is  not  clear  how  this  word  is  properly  defined 
for  this  waveform.  Three  different  definitions  have  been  used.  Bodle 
and  Gresh  (4]  appear  to  have  used  the  word  “front  time"  to  indicate 
the  time  between  the  initial  zero  and  the  peak  value.  As  a  second 
definition,  Bennison  et  al.  [5]  used  the  standard  definition  of  "rise 
time”  in  electronic  engineering,  the  time  interval  between  the  10-  and 
90-percent  points  of  the  waveform.  The  third  definition,  which  is 
present  Bell  Communications  practice  [6],  is  to  use  1.25  times  the 
interval  between  the  10-  and  90-percent  points  on  the  leading  edge  of 
the  waveform  as  the  10-(is  front  time.  This  last  definition  is  the  same 
as  that  used  for  the  8/20  (is  waveform  f  1 J,  [3]  and  is  consistent  with 
common  high-voltage  laboratory  practice.  A  simple  expression  for 
this  voltage  waveform,  with  the  third  definition  of  front  time,  is  V(t ), 
as  given  by  (5): 

V(t)  =  A  VP{1  -  exp  (- 1/ t i)>  exp  ( -  t/r2)  (5) 

where  T|  =  3.827  (is,  t:  =  1404  (is,  A  =  1.019,  t  is  the  time,  and 
V„  is  the  peak  value  of  V(t).  A  plot  of  (5),  with  these  parameters  for  a 
10/1000  (is  waveform,  is  shown  in  Fig.  4. 

The  10/1000  (is  waveform  may  also  be  represented  by  the 


Fig.  4.  10/1000  (is. 

piecewise  continuous  expression  that  is  given  in  (6): 

[  (.Vp/10  for0§ISl0(is 

[_  Vp  exp  ( —  (f —  10  (*s)/ 1428  (is),  forr>10(is. 

While  the  piecewise  representation  is  advocated  in  [4],  it  has  the 
disadvantage  of  having  a  discontinuity  in  the  derivative  at  /  =  10  (is, 
while  the  double  exponential  model  has  continuous  derivatives  of  all 
orders.  For  this  reason.  I  favor  the  use  of  (5)  instead  of  (6). 

VI.  IEC  EFT  5/50  ns  Waveform 

Recently,  the  IEC  has  defined  an  "electrical  fast  transient”  (EFT) 
test  waveform  that  has  a  5/50  ns  shape  [7].  A  simple  mathematical 
expression  for  this  waveform  is  V(t),  as  given  by  (7): 

V(.t)  =  AVp{l -exp  (-//r,)}  exp  (-//rj  (7) 

where  ti  =  3.5  ns,  r2  =  55.6  ns,  A  =  1.270,  /  is  the  time,  and  Vp  is 
the  peak  value  of  V(t).  The  standard  specifies  tolerances  of  ±30 
percent  for  both  the  5-ns  rise  time  and  50-ns  duration.  A  plot  of  (7), 
with  the  parameters  for  the  EFT,  is  shown  in  Fig.  5. 

vn.  Conclusion 

A  plot  of  three  overvoltage  test  waveforms  is  shown  in  Fig.  6.  The 
EFT  waveform  is  not  shown  in  Fig.  6  because,  on  this  scale,  it  would 
be  a  vertical  line  at  /  =  0.  The  8/20  (is  waveform  is  also  not  shown  in. 
Fig.  6  because  it  is  a  current  waveform,  not  a  voltage  waveform.  As 
shown  by  Figs.  4  and  6,  the  10/1000  (is  waveform  provides  a 
relatively  long  duration  unipolar  stress.  The  1.2/50  (is  waveform  and 
the  8/20  (is  current  waveform  are  shorter  duration  unipolar  stresses. 
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Fig.  5.  1EC  801  EFT. 


Fig.  6.  Various  overvoltage  test  waveforms. 

The  0.5-ms- 100-kHz  ring  wave  is  the  only  oscillatory  waveform  in 
the  collection  of  test  waveforms  reported  in  this  paper. 

A  test  waveform  in  the  laboratory,  of  course,  will  not  exactly 
match  the  waveform  given  by  these  equations  due  to  loading  by  the 
device  under  test.  The  tolerances  of  components  in  PFN’s  and  the 
parasitic  inductances  and  capacitances  in  components  in  both  the  PFN 
and  test  fixture  may  cause  additional  discrepancy.  Several  of  the 
standards,  as  noted  above,  specify  tolerances  between  ±  10  and  ±  30 
percent  for  the  front  time  and  time  to  half-value.  The  output  of  a 
surge  generator  of  unipolar  waves  is  unacceptable  only  if  its  rise  time 
or  time  to  half-value  fails  to  meet  the  criteria  specified  in  the 
appropriate  standard. 

There  does  not  appear  to  be  a  simple  mathematical  definition  for 
the  ringwave  that  agrees  with  the  definition  in  ANSI  Standard 
C62.4 1-1980.  This  document  is  now  being  revised,  and  I  hope  to 
modify  the  definition  slightly. 
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STANDARD  WAVEFORMS  FOR  SURGE  TESTING: 

EXPERIMENTAL  EVALUATION  AND  PROPOSED  NEW  CRITERIA  FOR  TOLERANCES 
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An  experimental  evaluation  vas  conducted  to 
compare  waveforms  from  high-voltage  surge 
generators  to  the  waveform  specifications. 
Generators  from  three  major  manufacturers  were 
evaluated  for  (1)  the  combination  1.2/50  ps 
voltage  and  8/20  ps  current  waveform  and  (2) 
the  100  kHz  ring  wave  specified  in  ANSI 
C62.ltl-1980.  Changes  in  the  waveform  when  the 
surge  generator  was  connected  to  metal-oxide 
varistors  or  a  0.1  pF  capacitor  were  also 
described.  Finally,  proposals  are  made  for 
more  complete  specifications  for  the  1.2/50 
and  8/20  ps  waveforms. 


Transient  overvoltages,  which,  for  example, 
may  be  caused  by  lightning  or  switching 
reactive  loads,  are  a  common  cause  of  damage 
or  upset  (temporary  malfunction)  of  electronic 
circuits  and  systems.  It  Is  important  to 
assess  the  vulnerability  of  electronic  systems 
to  damage  and  upset  by  transient  overvoltages, 
as  well  as  to  test  the  adequacy  of  protective 
circuits.  Standard  publications  specify  the 
traditional  1.2/50  ps  voltage  Impulse  and  the 
8/20  ps  current  waveform  in  references  [1,2] 
and  the  newer  100  kHz  ring  waveform  in  [3]  as 
representative  of  surges  on  ac  supply  mains. 
Standard  waveforms  are  defined  only  for  an 
ideal  load:  either  an  open-circuit  for  voltage 
waveforms  or  a  short-circuit  for  current 
waveforms.  The  behavior  of  the  surge 
waveforms  under  other  types  of  loads,  e.g., 
varistors  or  capacitors,  is  unspecified. 

Part  I  of  this  paper  reports  how  well 
several  commercially  available  surge 
generators  meet  the  specifications  for  the 
1.2/50  and  8/20  ps  and  100  kHz  ring  waveforms. 
Part  II  of  this  paper  examines  the  effects  of 
three  different  loads  on  the  voltage  and 
current  waveforms.  Part  III  of  this  paper 
suggests  more  comprehensive  specifications  for 
adequate  surge  testing  waveforms. 

The  specifications  for  the  1.2/50  ps  and 
8/20  ps  waveforms  contain  tolerances  for  the 
front  time,  duration,  and  peak  value  that 
define  these  waveforms.  Part  I  of  this  paper 
is  useful  as  a  routine  review  of  the 
performance  of  the  1.2/50  ps  and  8/20  ps 
waveform  generators.  There  are  no  specified 
tolerances  for  the  parameters  of  the  100  kHz 
ring  waveform.  F.D.  Martzloff,  the  Chairman 


of  the  (forking  Group  that  is  presently 
revising  ANSI  C62. 41-1980  [3],  has  proposed 
adding  tolerances  to  the  100  kHz  ring  wave  in 
the  revised  version.  Part  I  of  this  paper  is 
useful  to  assist  in  setting  tolerances  on  the 
100  kHz  ring  wave:  It  is  important  that 
tolerances  in  future  versions  of  standards  not 
make  existing  ring  wave  surge  generators 
unacceptable.  If  we  could  avoid  making  a 
model  of  a  commercial  100  kHz  ring  wave 
gantraeor  unacceptable  by  (pacifying 
tolerancee  of,  for  example,  +20%  instead  of 
±10%,  then  it  would  be  desirable  to  accept  the 
slightly  broader  tolerance  in  the  revised 
version  of  ANSI  C62.41. 


The  unipolar  waveforms  considered  in  this 
paper  are  specified  by  giving  the  front  time, 
duration,  and  peak  value.  Fig.  1  shows  a 
typical  unipolar  current  waveform  and  three 
points,  tx,  ±2,  and  tj  that  occur  at  the  10% 
and  90%  points  on  the  leading  edge  and  the  50% 
point  on  the  tail.  The  virtual  origin,  tQ,  is 
the  time  that  a  straight  line  through  the  10% 
and  90%  points  on  the  leading  edge  of  the 
surge  reaches  zero  current.  The  front  time, 
tf,  and  duration,  td,  are  defined  by 

tf  -  1.25  (t2  -  tx)  (1) 

“tj  -  to  -  tn 


Fig.  1  Pictorial  definition  of  points  on  a 
unipolar  waveform  that  are  used  to 
define  the  front  time  and  duration. 


For  a  unipolar  voltage  wavefora,  eh#  saflft 
procedure  is  used  except  ehae  the  value  of  ti 
is  d#e#rained  as  eh#  30%  point  on  the  leading 
*dg#  and  the  frone  time  is  determined  by 

s*  -  1.67  (tj  *  t^>  (3) 

The  fiiisorical  reasons  for  these 
specifications  ar#  given  in  [6], 

The  specifications  for  the  8/?0  ps  current 
waveform  call  for  tolerances  of  ♦  10%  on  the 
8  ps  front  tlae,  20  ps  duration,  and  peak 
value.  The  specifications  for  the  1.2/50  ps 
wave  call  for  a  frone  time  of  1.2  ps  ±  301.  a 
duration  of  50  ps  i  20%.  The  peak  voltage  Is 
to  be  specified  within  1  3%. 

The  100  kHz  ring  wave  is  specified  by  a 
0.5  ps  rise  tlae  of  the  leading  edge,  and  a 
10  ps  period  for  the  oscillation.  The  rate  of 
decay  of  the  oscillation  is  specified  by 
seating  that  the  ratio  of  amplitude  is  60%  for 
adjacent  peaks  of  opposite  polarity.  The  rise 
tlae  has  the  usual  definition  lti  electrical 
engineering,  the  tlae  difference  between  the 
90%  and  1C%  points  on  the  leading  edge  of  the 
waveform.  There  is  no  factor  of  1.25  or  1.67 
in  the  definition  of  rise  time,  which 
distinguishes  "rise  time"  from  "front  time" 
There  are  no  tolerances  in  the  specification 
for  this  ring  wave. 

PART.  I :  Experimental  Results 

Several  commercially  available  surge 
generators  were  obtained  and  the  output 
voltage  and  current  were  measured  with  digital 
oscilloscopes  for  each  of  the  following 
waveforms.  Generators  A,  B,  C  provided  the 
combination  1.2/50  ps  voltage  wave  and  8/20  ps 
current  waveform.  Generator  0  provided  the 
8/20  ps  current  waveform.  Generators  P,  Q,  R 
provided  the  ICO  kHz  ring  waveform.  Most  of 
these  surge  generators  were  loaned  by  thair 
manufacturers  (Haefely,  KeyTek,  Velonex)  on 
the  condition  that  the  performance  of  specific 
models  of  generators  not  be  identified.  All 
seven  generators  are  presently  being 
manufactured,  none  are  obsolete . 

Fig.  2  shows  the  connection  of  the  surge 
generator,  Che  load,  and  the  measuring 
instruments.  A  pair  of  digital  oscilloscopes 
were  used  Co  measure  the  voltages  and 
currents.  Decails  of  the  instrumentation  are 
given  In  Appendix  I. 


Schematic  diagram  of  apparatus. 


Generators  B,  Q,  and  R  were  used  with  the 
back  filter  supplied  by  the  manufacturer,  For 
short-circuit  testing  of  generators  B  and  R, 
the  sains  were  disconn#ctid.  For  other 
loading  of  generators  B  and  R,  the  sains  were 
connected  and  the  surges  were  applied  when  the 
instantaneous  value  of  the  sains  voltage  wag 
zero.  For  all  measurements  with  generator  Q 
the  three  conductors  (hot,  neutral,  and  earth) 
were  connected  together  on  the  mains  side  of 
the  back  filter  to  simulate  the  small 
impedance  of  the  mains.  The  other  surge 
generators  were  designed  to  give  the  proper 
uavefora  without  a  back  iiiter,  and  were 
tested  without  a  back  filter.  These  different 
test  situations  were  reqvi-ed  by  the  design  of 
the  surge  generators  and  tne  specific  cables 
that  were  supplied  by  the  manufacturer. 

Specification!  for  overvoltage  test 
waveforms  are  given  for  idealized  loads: 
volcago  waveforms  are  specified  for  an  epen- 
circuit  load,  current  waveforms  are  specified 
for  a  short-circuit  load.  Therefore,  only 
open-circuit  and  short-circuit  loads  were  used 
for  this  part  of  the  experiment. 

Because  the  voltage  across  the  energy 
storage  capacitor  inside  the  surge  generator 

may  be  proportional  to  the  ras  mains  voltage, 
a  ferroresonant  line  conditioner  was  used  to 
provide  an  essentially  constant  rms  mains 
voltage  during  these  experiments. 

In  order  to  reduce  the  number  of  variables, 
the  peak  open-circuit  voltage  of  each 
generator  was  adjusted  to  approximately  1  kV. 
The  amplitude  control  on  the  front  panel  of 
the  generator  was  not  adjusted  during  the 
remaining  experiments  with  chac  waveform. 

Poes,, the  actual,  waveform  satisfy  the 

Thu  parameters  for  each  experimental 
wave  form  (front,  time,  duration,  etc.)  were 
determined  and  compared  with  the  nominal 
values  in  the  relevant  specification.  In  this 
manner,  an  objective  assessment  can  be  n.,-,de  on 
the  adequacy  of  the  waveforms  in  meeting  the 
l^quirements  of  the  standards. 

Because  the  data  taken  from  the  digital 
osc 1 lloscopes  is  quantized,  the  data  contain 
random  fluctuations  of  one  or  two  least 
significant  bits  in  addition  tr  small 
oscillations  that  may  be  part  of  the  actual 
uavefora.  To  suppress  errors  caused  by  these 
fluctuations  and  oscillations,  a  limited 
amount  of  processing  was  done  to  obtain  the 
peak  value,  Che  10%  (or  30%)  and  90%  points  on 
the  leading  edge  of  the  waveform,  sno  the  50% 
point  on  the  tail  of  the  waveform.  The 
details  of  this  processing  are  specified  in 
Appendix  1 1 . 

Tabie  1  gives  che  measured  front  time  and 
duration  of  the  1.2/50  ps  and  8/20  ps 
waveforms.  No  duration  is  available  for  the 
1.2/50  ps  waveform  from  generator  C  because  of 
an  oversight  by  the  author.  Fig.  3  shows  the 
open-circuit  voltage  waveform;  Fig.  A  shows 
the  shor r.- c ircui t  current  waveform.  In  order 
to  have  a  meaningful  comparison  of  Che 
waveshapes  each  set  of  data  was  normalized  to 
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Table  1 

Measured  Waveshape  Parameters 


measured 

Generator  front/duration  ps 


discrepancy  from  nominal 
fronc  duration 


open-e ircult  voltage 


A 

1.21 

57.43 

0.8% 

15% 

B 

1.57 

55.2 

31  % 

10% 

C 

1.22 

1.7% 

short-circuit 

current 

A 

9.24 

26.70 

16% 

34% 

B 

8.56 

25.72 

7% 

29% 

C 

10 . 86 

28.50 

36% 

42% 

0 

8.34 

24,28 

4% 

21% 

»  j  i . . . , . . . —  _ _ _  - _ — . . . . 

•4  4  14  >4  >4  14  44  44  14  <4 
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Fig.  3  Open-circu.t  voltage  waveforms  from 
generators  A  and  B.  The  actual 
peak  values  were  867  and  9S2  V. 


•4  3  4  10  19  40  44  M  44 

T;ne  os 

Fig.  4  Short-circuit  current  waveforms 

from  generators  A,  jl ,  and  C.  The 
peak  currents  were  39.?,  606,  and 
555  A. 


have  a  peak  value  of  1.0  and  an  offset  was 
added  to  tico  in  each  set  of  data  to  cake  the 
virtual  origin  occur  at  t  -  0, 

Mote  that  ail  of  the  measured  duraclors  are 
significantly  longer  than  Che  nominal  value. 
Ail  of  che  generators  met,  or  nearly  met,  the 
specifications  for  the  1.2/50  ps  waveform. 

None  of  the  generators  satisfy  che 
specifications  for  the  duration  of  the  8/20  ps 
waveform;  moreover  half  of  the  generators  do 
not  satisfy  the  spec i f icat ton  for  front  time. 


aing  wave  The  measured  parameters  for  the 
ring  wave  are  given  in  Table  2.  The 
definition  of  che  ring  wave  In  |3;  gives 
specifications  only  for  the  voltage  waveform, 
although  Table  2  a' so  gives  parameters  for  the 
current  waveform.  The  open-circuit  voitagc 
waveforms  for  all  three  generators  is  shown  in 
Fig.  5  The  value  of  the  initial  peak  was 
normalized  to  1.0.  So  that  the  variations  in 
irequency  could  be  clearly  seen,  an  oifset  was 
added  to  time  in  Fig.  5  to  make  all  of  the 
waveforms  have  a  first  zero-crossing  after  che 
initial  peak  at  t-0 .  Notice  in  Fig.  5  that 
the  waveshape  of  the  first  peak  is  remarkably 
different  for  each  of  the  three  generators. 

The  waveform  from  generator  A  has  several 
reversals  in  siope  during  the  first  cycle. 

There  are  three  amplitude  ratios  given  in 
Table  2.  The  value  In  the  left  column  is  che 
ratio  of  che  amplitude  of  the  first  two  peaks, 
the  value  in  che  middle  column  Is  the  ratio 
for  the  second  and  third  peak,  and  the  value 
In  the  right  column  is  the  ratio  of  the  third 
and  fourth  peaks.  Noclce  that  the  amplitude 
ratio  changes  significantly  between  half- 
cvclts  for  some  of  the  generators.  Fart  of 
the  reason  for  this  is  that  che  specification 
for  the  waveform  can  not  be  satisfied  by  a 
coetne  waveform  with  an  exponentially  decaying 
aapl  icude  [91. 

Marczloff  [5]  discussed  properties  of  two 
different  surge  generators  for  the  100  kHz 
ring  wave  that  gave  essentially  the  same  open- 
circuit  voltage  waveform  but  different  short- 
circuit  currenc  Waveforms.  Such  a  result  is 
easy  to  understand.  Common  surge  generators 
have  a  pulse - shap ing  network  that  is  composed 
of  resistors,  capacitors,  and  inductors. 

There  are  different  networks  that  will  provide 
the  same  open-circuit  voltage  waveform. 
However,  when  a  short-circuit  Is  applied 
across  the  output  terminals,  one  would  expect 
different  output  currenc  waveforms  because 
different  components  in  che  pulse • shaping 
network  are  shorted. 


In  an  attempt  to  make  the  behavior  of  surge 
generators  more  reproducible  when  used  with 
different  loads.  Martzloff  [6!  used  the 
concept  of  "effective  Impedance,"  the  ratio  ol 
peak  open-circuit  voltage  to  peak  short- 


Tabl*  2 

Heasured  Waveshape  Parameters  for  100  kliz  Ringvav. 


measured 

diserguincv  from  nominal 

Generator 

rise 

ratio  of 

frequency 

rise 

ratio  of  freq. 

Cist  us 

peaks  1 

kHz 

tisie 

"■oaks  %  % 

opart-circuit: 

voltage 

V 

0.38 

51  67  65 

103.5 

-24% 

-15  12  C8  3.5 

Q 

0.39 

66  69  70 

76.5 

•  22% 

10  15  17  -23.5 

R 

0.63 

73  72  49 

94.6 

+26% 

22  20-18  -5.4 

shsrc-circui 

e  current 

? 

0.85 

56  52  53 

164 

not 

specified 

Q 

0.90 

88  30  39 

83 

R 

0.77 

66  47 

87 

Fig.  5  Open-circuit  voltage  waveforms  from 
generators  P.  Q,  and  R.  The  peak 
voltages  were  981,  934,  and  980  V. 

circuit  current.  Because  the  open-circuit 
voltage  and  short-circuit  current  have  their 
peaks  at  different  times,  the  effective 
impedance  is  not  the  Thovenin  impedance  of  the 
surge  generator.  While  Martzloff  admitted 
that  effective  impedance  was  not  a  rigorous 
parameter,  it  is  easy  to  determine  and 
convenient . 

Table  3  shows  Che  effective  Impedance 
values  for  six  generators  in  chls  study.  The 
specifications  give  r.o  tolerance  for  this 
i  .portar.c  parameter. 

other  considerations 

Some  surge  generators  have  one  output 
terminal  connected  to  earth.  This  is 


acceptable  for  testing  of  components,  but 
present#  difficulties  when  the  surge  generator 
Is  to  be  coupled  to  nongrounded  conductors  for 
testing  vulnerability  of  electronic  equipment. 

Often  surge  generators  are  connected  to 
test  equipment  chat  is  powered  from  the  ac 
supply  mains.  In  order  to  inject  a  high- 
voltage  surge  on  the  mains,  a  "back- filter" 
must  be  inserted  between  the  supply  and  the 
generator  so  chac  nearly  ail  of  the  surge 
current  goes  into  the  equipment  under  test. 
Conventional  back  fLlters  consist  of  a  series 
inductor  and  capaeitors  shunted  across  the 
lino  on  the  mains  side  of  the  filter.  The 
series  inductor  presents  a  smaller  impedance 
to  lower  frequencies  components  of  the  surge 
waveform,  so  that  the  hack  filter  will  modify 
the  surge  waveform.  Richmar,  [7]  has  suggested 
that  the  back  filter  be  considered  part  of  the 
surge  generator,  so  that  the  generator  will 
give  the  proper  waveshape  when  the  back  filter 
is  connected.  Tests  of  the  effects  of  back 
filters  on  waveforms  was  beyond  Che  scope  of 
the  research  reported  here. 

Part. If;  '.Tut  is  the.effect  of  other  loads  -> 

Specifications  for  overvoi tage  test 
waveforms  are  given  for  idealized  loads: 
-eoltage  waveforms  are  specified  for  an  open- 
circuit  load,  current  Waveforms  are  specified 
for  a  short-circuit  load.  When  a  voltage 
waveform  Is  used  to  test  Insulation,  the 
actual  load  approximates  an  open- c ircui t . 

When  a  current  waveform  is  used  to  test  a 
device  with  a  small  resistance,  V/I,  the 


Table  3 

Effective  Impedance  of  Generators: 
open-circuit  voltage/short-circuit  current 


Generator 

Measured  ' 

'/aiu© 

Nominal  Value 

Discrepancy 

combination  1 

.2/50 

and  8/20  ps 

A 

2.22 

0 

2  0 

+  11% 

8 

1.56 

Q 

2  0 

-22% 

C 

1.73 

Q 

2  O 

•14% 

100  kHz  ring 

wave 

? 

13.2 

0 

12  O 

+  10% 

Q 

35.0 

0 

30  0 

+  17% 

R 

10.3 

0 

12  0 

-14% 

actual  load  approxlaaEis  a  short  •  e  trcui t ,  But 
for  clher  types  of  tilts,  the  actual  load  say 
be  far  from  chi  iueaiized  op*r.-cir>.uit  or 
shcrt-c Ircult. 

To  evaluate  the  effects  of  different  loads 
on  che  waveform,  chi  ouspuc  voUag«  and 
current  of  each  generator  was  measured  for 
each  of  chi  following  conditions: 

1.  open-circuit, 

2.  shore-circuit , 

3.  metal-oxide  varistor  (MOV)  raced  for 
service  on  130  V  ra§  Mains, 

a.  natal -oxide  varistor  (MOV)  raced  for 
service  on  320  V  rag  aains ,  and 
5.  0.1  gF  capacitor, 

The  two  varistors  are  typical  of  devices 
chat  are  used  to  protect  equipment  from 
overvoltages  on  the  mains.  The  130  V  model 
has  the  lowest  conduction  voltage  of  any  model 
suitable  for  connection  to  aains  with  a 
nominal  voltage  of  120  V  ras.  The  320  V  model 
has  on  appreciable  safety  margin  for 
connection  to  mains  with  a  nominal  voltage  of 
250  V  ras .  The  specific  models  of  the 
varistors  used  in  the  experiments  were 
General  Electric  V130HE150  and  General 
Electric  V32QPA40A. 
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Th*  capacitor  i*  typical  of  those  in  low- 
pass  filters  for  connection  to  chi  ac  supply 
mains:  it  had  a  metallised  polyester 
dieleetrie  which  is  self-healing  after 
breakdown.  The  specific  model  used  in  the 
experiments  had  a  dc  voltage  rating  of  6  kV. 

A  resistance  of  6.8  M0  was  permanently 
connected  in  shunt  with  the  capacitor  for 
safety  reaaons . 

The  results  of  this  pare  of  tne  experiment 
are  summarized  in  Table  4  for  the  combination 
wave  fora  and  in  Table  5  for  the  ICO  kHz  ring 
wave,  A  plot  of  the  normalized  voltage  across 
a  varistor  froa  two  combination  waveform 
generators  is  ghown  in  Fig.  6. 

when  a  voltage  vavefora  is  applied  across  a 
short-circuit  or  a  load  with  a  small  value  of 
V/I,  the  current  is  determined  by  the  output 
impedance  of  the  generator  as  well  as  the 
voltage  waveform.  When  a  current  waveform  is 
applied  across  an  open-circuit  or  a  load  with 
a  large  value  of  V/l ,  the  voltage  across  the 
load  is  determined  by  the  voltage  on  the 
energy  storage  capacitor  inside  the  generator, 
as  well  as  by  details  of  the  wave  shaping 
circuit  inside  the  generator. 


Table  4 

Effect  of  Various  Loads  on  Waveshape 


voltage  waveforms; 

front/duration 

Ms 

generator 

no  load 

130  V  MOV 

320  V  MOV 

0.1  pF  capaci 

A 

1.21/52.4 

0.70/44.5 

0.77/61.5 

2.46/5.13 

B 

1.57/55.2 

0.67/30.9 

1.05 

2,47/5.21 

r 

1.22 

0.38 

0.65 

2.43/5.24 

current  uavetorns . 

front/duration 

pc 

generator 

short 

130  V  MOV 

32C  V  MOV 

0.1  pF  capaci 

A 

9.24/26.7 

6.54/25.3 

5.41/16.6 

1.38/2.90 

3 

8.56/25,  7 

7.'>J/21.6 

6.60/18.8 

1. 58/3.C2 

C 

10.36/28.5 

10....,  27.2 

7.57/20.8 

1.26/2.78 

D 

8.34/24.3 

7.  70/20. ? 

5.70/12.9 

1.  14/2.4  5 

Table  5 

Effect  of  Various  Loads  on  130 

kHz  Rlngvave  Voltage  Waveform 

generator 

no  load 

no  v  kov 

320  V  MOV 

0,1  yF  capacrl 

riser  Inc 

(MS  ) 

P 

0.38 

0.23 

0.2? 

1.09 

r\ 

0.39 

0.23 

0.34 

0.80 

a 

0.63 

0.37 

0.51 

1.27 

rate  of  decay  of  first 

rvo  peuks  ('i) 

? 

51 

88 

58 

83 

o 

w 

66 

96 

7  7 

55 

R 

73 

98 

56 

87 

frequency 

(kHz) 

P 

103.5 

102 

103 

82 

Q 

76.5 

77 

77 

62 

R 

94 . 6 

95 

94 

87 

-me  us 

Fig.  6  Voltage  waveforms  from  generators  A 
and  &  measured  across  a  metal  oxide 
varistor  rated  for  service  on  mains 
with  a  nominal  voltage  of  110  Vrns , 

The  clamping  action  of  the  varistor  makes 
the  voltage  essentially  constant  when  there  is 
an  appreciable  current  in  the  varistor 
(compare  Figs.  3  and  6).  For  example,  the 
peak  open-circuit  voltage  of  generator  3  was 
952  V,  while  the  peak  voltage  across  Che  130  V 
rr.s  rated  MOV  was  only  317  V.  This  clamping 
action  of  the  varistor  makes  tne  ratio  of 
successive  peaks  of  the  ring  wave  be  larger 
than  the  specified  60%,  as  shown  in  Table  5. 


theta  concisely  55  years  ago:  "...the  present 
wav*  definitions  are  not  exact.  Only  the  time 
to  crest  and  cist  to  half-value  of  the  wav# 
are  specified,  Hence  it  i®  possible  to 
confers  to  these  conditions  and  at  the  sane 
clue  have  a  wave  so  distorted  with 
oscillations,  that  reasonably  accurate  and 
comparable  voltage  measurements  [with  sphere 
gaps]  are  impossible .  The  spirit  of  the 
definition  assumes  that  the  wave  follows 
exponential  curves. "[8]  Simple  mathematical 
relations  have  been  given  for  the  most  common 
high  voltage  test  waveforms  (9'.  One  goal  of 
this  paper  is  to  suggest  ways  for  a  sore 
comprehensive  specification  for  high  voltage 
test  waveforms,  by  comparing  actual  waveforms 
to  the  "ideal"  wavefora  given  by  the 
mathematical  relation. 

Before  waveforms  fro®  surge  generators  can 
be  coopered  to  an  "ideal  equation,"  one  must 
find  the  ideal.  Many  engineers  [8,10.11]  have 
stated  that  the  ideal  waveshape  for  most 
unipolar  voltage  waveforms  is  specified  by  a 
double  exponential  relationship,  Eqn.  C 
V(C)  -  A  V  {  1  -  exp( • t/r , )  )  cxp(-t/T,) 

U) 

Eqn.  c  represents  the  solution  for  the  output 
voltage  of  common  RC  pulse • shaping  networks 
used  in  surge  generators,  so  there  can  be  no 
doubt  that  this  is  the  ideal  relationship. 


'-■hen  the  capacitive  load  is  connected,  the 
rise  time  for  voltage  is  increased  for  all 
waveforms.  This  would  be  expected  since  the 
output  resistance  of  the  generator  and  the 
capacitance  of  the  load  forms  a  low-pass 
filter.  The  capacitive  load  decreases  the 
oscillation  frequency  of  the  ring  wave,  as 
would  be  expected. 

PART  111:  More  coT.prehens i ve  specifications 

The  decision  on  whether  or  not  a  unipolar 
waveform  is  satisfactory  Is  determined  after 
considering  the  value  of  the  waveform  at  oniy 
three  different  points,  as  shown  in  Fig.  7. 
The  author  believes  chat  such  specifications 
are  incomplete.  The  waveform  should  also 
approximate  an  ideal  waveshape  and  be  smooth 
(no  large  discontinuities,  no  large  undesired 
oscillations).  These  are  r.ot  new 
considerations,  McAuley  and  Benedict  stated 
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Fig.  7  The  traditional  specification  of  a 
unipolar  wavefora  uses  three  points 
on  the  waveform.  Compare  vich 
Figs.  1  and  9, 


I f  the  double  exponential  relation  and  the 
nominal  values  of  parameters  A,  r^,  and  Tj 
uere  accepted  as  the  ideal  waveform,  then  one 
might  evaluate  surge  generators  by  fitting  the 
actual  waveform  to  the  ideal  equations  (e.g., 
by  the  method  of  least-squares)  and  examining 
the  resulting  values  of  the  parameters. 
Tolerances  would  be  specified  for  the 
parameters  in  the  double  exponential  relacion, 
rather  than  the  present  practice  of  specifying 
tolerances  on  the  front  time  and  duration. 
Fitting  the  actual  waveform  to  the  ideal 
equation  and  examining  the  resulting 
parameters  would  have  the  advantage  that  the 
entire  waveform  is  considered,  and  not  just 
the  value  of  the  waveform  at  three  uifferent 

points.  However,  if  the  actual  waveform  has  a 
m>**h  different  shape  than  the  ideal  waveform, 
the  resulting  set  of  parameters  is  meaningless 
(although  the  values  might  be  within 
acceptable  limits).  If  the  actual  waveform 
has  a  shape  that  is  Very  near  the  ideal,  then 
the  present  criteria  for  examining  just  three 
points  is  adequate  and  there  is  no  need  for 
complicated  curve- fitting  to  a  set  of 
experimental  data.  Therefore,  fitting  the 
actual  waveform  to  an  ideal  equation  is  not  a 
desirable  qualification  test  for  the  waveform. 

proposal  for  acceptable  waveform 

A  more  comprehensive  specification  would  be 
to  construct  boundaries  for  variations  in  a 
test  waveform  so  that  tolerances  apply  ever 
most  of  the  waveform,  and  not  just  at  several 
points.  This  effort  can  be  done  in  either  the 
time  or  frequency  domain  (1)  by  specifying  a 
region  in  the  C,  V(t)  plane,  or  (2)  by 
evaluating  the  Fourier  transforms  of  the 
waveform  and  the  equation  for  the  nominal 
value  of  V(t),  and  then  specifying  a  region  in 
the  w,  V(u)  p:ane.  Examples  of  proposed 
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tol#:'anc*s  for  ch*  tia#  dosaln  at#  given  for 
the  1.2/50  and  8/20  m®  vave forms . 

Construction  of  upper  and  lower  bound 
curves  in  che  eiat  doanin  Is  slsple.  The 
upper  bound  has  che  mlnlaus  front  time,  the 
maximum  peak  value,  and  the  naximua  duration. 
The  lower  bound  has  che  aaximua  front  else 
the  miniauai  peak  value,  and  Che  niniaus 
duration.  For  the  1.2,50  and  8/20  ms 
uaveforms,  che  tolerances  in  [1,2]  have  bean 
used  to  establish  these  aaxiraua  and  minima 
values . 


The  1.2/50  ps  uavefora  Is  used  as  an 
example  of  how  to  construct  an  upper  and  lower 
bound  for  en  acceptable  double  exponential 
waveform  in  the  else  domain.  As  the  upper  and 
bound  curves  have  a  different  virtual  origin 
from  the  nominal  curve,  it  is  desirable  to  use 


a  change  of  variable  t'  -  t 


in  Eqn,  4. 


All  three  curves  have  the  same  virtual  origin 
when  the  translated  time,  c' ,  is  used.  The 
values  of  the  parameters  for  Eqn.  4  for  each 
of  the  three  curves  are: 


upper 

nominal 

lower 


T1 

MS 

3,2755 

0,4075 

0.5558 


’When  using  these  parameters  with  Eqn,  4,  V  is 
the  nominal  peak  voltage:  the  value  of 
needs  r.o  adjustment  since  the  tolerances  on 
the  peak  are  contained  in  the  values  for  A  for 
the  upper  and  lower  bound  curves.  Fig.  8 
shows  plots  of  the  louer  bound,  nominal,  and 
upper  bound  curves. 

An  actual  waveform  could  go  outside  of 
these  boundaries  for  any  of  several  different 
reasons.  The  actual  waveform  might  be  double  - 
exponential,  but  have  an  unacceptable  value  of 
one  or  both  time  constants.  The  actual 
waveform  might  be  the  superposition  of  a 
double -exponential  with  relatively  large 
oscillations.  Or  the  actual  waveshape  nay  be 
far  from  a  simple  doub le - exponent ia  1  waveform, 
perhaps  due  to  large  discontinuities. 


References  [1.2]  give  a  tolerance  of  t3l 
for  maasurerauncs  of  the  peak  voleaga  of  a 
1.2/50  ms  waveform.  This  appears  to  be  a  very 
strict  specification.  The  vertical  amplifiers 
in  commonly  used  analog  oscilloscopes  have  an 
accuracy  of  *2*  when  calibrated  to  the 
manufacturer's  specifications.  There  is 
additional  error,  which  ie  often  on  che  order 
of  ±3 fc ,  in  the  attenuation  of  commonly  used 
high-voltage  probes.  It  appears  that  the 
measurement  error  will  usually  be  larger  than 
the  :!»  tolerance  between  indicated  and 
nominal  value.  It  may  be  appropriate  to 
change  che  tolerance  on  the  peak  value  to,  for 
example,  il03. 

proposed  tolerances  on  .the.. 9/2,0  us  .waveform 
There  is  no  double  exponential 
representation  for  che  8/20  ps  waveform, 
however  [9]  showed  that  Eqn.  5 

X  -  A  1.  ek  exp( ■ t/i )  (5) 

was  a  simple  relation  for  the  8/20  ms 
waveform.  Because  the  upper  and  lower  bound 
curves  have  different  virtual  origins  from  the 
nominal  curve,  it  is  desirable  to  use  the 
translated  time,  f,  where  c '  -  c  -  t0-  The 
parameters  for  Eqn.  5  that  yield  the  three 
curves  are: 


upper  bound 
nominal 
louer  bound 


1.5779  6.2538  1.4386E-01  0.21 

3.00  3.9114  1 . 243  IE- 02  1.67 

9  21  1.8759  3 . 6058 E- 08  6.87 


Fig.  9  shows  a  plot  of  all  three  curves.  It 
is  proposed  to  begin  to  app»y  the  upper  and 
lower  bound  curves  at  the  30»  point  on  the 
leading  edge  of  the  waveform,  as  shown  in 
Fig.  9.  For  earlier  times,  the  upper  and 
lower  bound  curves  approach  the  nominal  curve 
too  closely. 

As  reported  in  Part  1  of  this  paper, 
commercial  surge  generators  do  not  meet  the 
present  *1C%  tolerance  on  duration  or  front 
time.  Because  there  is  no  evidence  chat  these 
concrete  ia  l  surge  generators  are  unsa  t  is  t  acucry 
in  actual  practice,  the  tolerances  on  the 
front  time  and  duration  should  be  charged, 
frtm  the  present  value  of  ii09  to  perhaps 
-10. +  30%, 
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Proposed  specification  for  a  1.2/50  us  voitage  waveform. 

Any  waveform  that  Is  between  the  two  dashed  lines  is  acceptable. 
The  nominal  waveform  is  shown  as  a  solid  .  ine . 
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fig.  9  Proposed  specification  for  an  8/20 
MS  current  waveform,  Any  waveform 
that  is  between  the  two  dashed 
lines  is  acceptable.  The  noainal 
wavefora  is  shown  as  a  Solid  line, 

With  this  Increase  In  tolerance,  It  may 
also  be  desirable  to  specify  the  total  charge 
transfer,  iQ  -  /  I  dt,  during  short-circuit 
loading  of  the  generator.  Many  practical 
surge  protective  devices  (e.g.,  varistors  and 
avalanche  diodes)  have  an  essentially  constant 
voltage  during  passage  of  appreciable  surge 
currents.  The  energy,  which  is  an  important 
parameter,  that  is  transferred  to  devices  with 
a  constant  voltage  is  proportional  to  iQ.  For 
example,  one  might  requite 

iQ  -  (17.5  ms)  Ip 

These  tolerances  on  iQ  agree  with  the  proposed 
upper  and  lower  bound  curves  given  above.  The 
nominal  value  of  AQ  Corresponds  to  the  nominal 
current  from  Eqn,  5, 

long-duration  unipolar,  waveforms 

There  are  several  special  considerations 
for  specifications  for  unipolar  long  duration 
waveforms,  such  as  the  10/7C0  ps  and  10/1C00 
ps  waveforms.  Such  long  duration  waveforms, 
when  provided  by  a  surge  generator  with  a 
small  outpuc  resistance,  can  transfer  large 
energy  to  a  load.  If  the  Ideal  waveshape  is  a 
double  exponential,  the  energy  transferred 
depends  on  the  values  of  the  peak  open-circuit 
voltage,  Vp ,  and  the  decay  time  constant,  r, . 
The  value  of  the  time  constant  for  the  leading 
edge  of  the  waveform,  r,  ,  has  a  trivial  effect 
on  the  energy  content  of  the  waveform  because 
the  time  from  the  origin  to  the  peak  of  the 
wave  is  much  smaller  than  the  duration  of  the 
waveform.  Therefore,  one  might  wish  to  place 
small  tolerances  (e.g.,  iS%)  on  the  peak 
value,  V  and  the  decay  time  constant,  i,. 
and  relatively  large  tolerances  (e.g.,  ± 30 % ) 
or.  the  value  of  the  time  constant  for  che 
leading  edge ,  t  . 

oscillatory  waveforms 

It  Is  especially  complicated  to  construct 
boundaries  in  the  time  domain  for  an 
oscillatory  waveform.  If  the  frequency  of 
oscillation  alone  is  allowed  to  vary  then  the 
various  boundaries  for  an  acceptable  ring 
wavefora  overlap  at  time  increases. 

Boundaries  for  oscillatory  waveforms  may  be 
simpler  when  viewed  in  the  frequency  do-ain 
than  in  the  clae  domain.  It  is  common  to  view 


frequency  domain  data  as  a  plot  with 
logarithmic  scales  for  both  amplitude  and 
frequency.  The  effect  of  logarithmic  scales 
is  to  compress  small  discrepancies ,  which  Is  a 
disadvantage  in  setting  specification!.  Many 
laboratories  still  use  analog  oscilloscopes  to 
measure  high-voltage  surge*.  Until  digitizing 
oscilloscopes  interfaced  to  computers  with 
digital  signal  processing  software  become 
common,  it  is  premature  to  specify  high- 
voltage  test  waveforms  in  the  frequency 
domain. 

Acknowledgments 

An  evaluation  of  commercial  surge 
generators  was  suggested  by  F.D.  Martzleff  as 
part  of  the  work  supporting  che  present 
revision  of  ANSI  C62.41.  This  research 
(including  the  purchase  of  all  equipment)  was 
supported  by  a  contract  with  Allegheny  Power 
System;  thanks  are  due  to  W.C.  Cuyker,  Ur.  for 
recognizing  the  importance  of  developing 
engineering  standards.  Additional  funding  was 
provided  by  the  U.S.  Army  Research  Office. 
Evaluations  of  commercially  available 
generators  would  noc  have  beer,  possible 
without  the  generous  cooperation  of  XeyTek 
Instrument  Cerp.,  Velonex,  and  Haefelv.  M. 
Hopkins  and  B.  Cormier  of  XeyTek  witnessed  the 
testing  of  their  products.  1  also  wish  to 
thank  D.  Shakarjlan  for  constructing  and 
tasting  the  custom  trigger  circuits  Chat  were 
used  in  che  measurements  and  for  witnessing 
all  of  the  measurements. 

References. 

[1!  IEC  60-2,  "High-Voltage  Test  Techniques, 
Part  2:  Test  Procedures"  (1973) 

[2]  IEEE  Standard  4,  "IEEE  Standard 

Techniques  for  High-Voltage  Testing" 
(197B) 

,  3  i  ANSI  C62.41,  "IEEE  Guide  for  Surge 
Voltages  In  Low -Voltage  AC  Power 
Circuits"  (1980) 

! 4 ! —  S tandler ,  R.B.,  Protection  o_f  Electronic 
Circuits  ItSH  Overvoi rages .  Wiley- 
Interscience,  New  York  (1989) 

|5j  Martzloff,  F.D.,  "Transient  Control 

Level  Test  Generators,"  General  Electric 
Corporate  Research  and  Development 
Technical  Report  77CRD241  (1977) 

! 6 !  Martzloff,  F.D.,  "The  Propagation  and 

Attenuation  of  Surge  Voltages  ar.d  Surge 
Currents  In  Low-Voltage  AC  Circuits,” 
IEEE  .Trans  Power  Apparatus  and  Systems , 
102:1163-1170,  (1983) 

,7,  Richman,  P.,  "Changes  to  Classic  Surge 

Test  Waves  Required  by  Sack  Filters  Used 
for  Testing  Powered  Equipment."  Proc 
5th  EMC  S ynipos  Uua  Zurich,  pp.  413-418, 
(1985) 

.8,  McAuley,  P.H.  and  F.R.  Benedict, 

"Calculating  Surge  Generator  Waves,"  The 
Electric  Journal.  30:326-328,  (1933) 


FI 


!  9  ]  Seanditr,  R.E.  ,  "Equations  for  Sense 

Transient  Overvoltage  Test  Waveform?." 

Compatibility .  30:69-71,  (1988) 

(10)  Aillbon* ,  T.E.,  and  F.R.  Parry, 

’Standardization  of  Impulse -Vol tags 
Testing,"  1EE  Journal.  78:257-272, 

(1936) 

[ilj  Hyiten-Cavallius ,  N.  ,  "Comments  on 
'Definition  of  Switching  Surge 
Waveshapes'  by  H.M.  Saith,  et  al.“ ,  1F.SE 
leans.  Power  Apparatus  and  Systems . 
86:1607,  (1967) 


Appendix  I:  Instrumentation 

The  Tektronix  2630  oscilloscopes  that  were 
used  in  chese  experiments  digitize  Che  signals 
with  a  dynamic  range  of  256  scaces  (2°  bits) 
and  take  1C. '.6  samples  of  each  signal  per 
record.  The  oscilloscopes  are  interfaced  to  a 
digital  compucer  which  collects  the  data, 
rca.s  the  scale  factors  from  the  oscilloscope, 
detercir.es  the  zero  levels,  and  stores  the 
data  on  a  magnetic  disk.  Immediately  after 
each  waveform  :s  acquired,  the  computer 
connects  aii  four  oscilloscope  inputs  to 
earth,  waits  2  seconds,  and  digitizes  a  blank 
record.  All  1026  points  in  each  channel  are 
averaged  to  obtain  an  accurate  zero  reference 
level,  which  is  subtracted  from  the  data 
before  processing. 

Tektronix  P6009  probes  were  used  to  measure 
the  voltages  between  each  side  of  the  load  and 
earth,  and  Vjjq  .  The  120  KHz  bandwidth  of 
the  probes  was  not  a  limitation  during  these 
experiments,  since  at  the  maximum  sample  rate 
the  data  bandwidth  is  only  60  MHz.  These 
probes  were  compensated  in  the  usual  way,  then 
the  compensation  of  the  N'C  probe  was  adjusted 
slightly  Co  maximize  the  common -mode  rejection 
ratio,  as  described  in  i6‘.  Aii  of  the 
voltage  data  shown  in  this  paper  is  the 
difference.  V^y,,  between  the  two  measured 
vo  1  tages . 

The  surge  currents  were  measured  with.  Ion 
Physics  Corp.  model  CK-10-L  current 
transformers  with  a  sensitivity  of  10  A/V. 

This  sensitivity  was  reduced  by  using  a  50  0 
coaxial  resistive  2C  dB  attenuator  near  the 
inputs  of  the  oscilloscope.  The  manufacturer 
scaces  that  the  3  d3  bandwidth  of  the  current 
transformers  extends  from  5  Hz  to  60  KHz,  and 
chat  che  core  of  Che  current  transformer  will 
not  saturate  for  values  of  I  I  dt  less  chan 
1  kA  ICO  ps.  This  experiment  did  not  require 
two  independent  measurements  of  current,  !j, 
and  I,,.  .However  since  they  were  available, 
all  of  the  data  shown  in  this  paper  is  the 
average  of  two  independent  measurements , 

■  - vj •  ‘;;)/2  •  This  average  reduces  the  random 
no.se  rn  the  digitization  process. 

The  two  voltages,  VHG  and  V;;g ,  were 
measured  simultaneously  on  one  oscilloscope. 
The  two  currents,  and  1^. ,  were  measured 
simultaneously  on  the  other  oscilloscope. 

Both  oscilloscopes  had  the  same  nominal  sample 


rate  and  were  triggered  iron  the  last  external 
trigger  sours*. 

Both  voltage  and  current  wire  augured 
during  all  tests,  even  during  Part  X.  Because 
the  peak  voltage  was  negligibly  small  (<15  V) 
whan  che  load  was  a  short-circuit,  we  can  be 
certain  chac  the  nagr.ecic  field  from  surge 
currents  »s  large  as  610  A  had  negligible 
effect  on  the  measurement  of  voltage. 

Similarly,  the  face  that  Che  peak  current  was 
negligibly  small  (<1.0  A)  when  the  load  was  an 
open-circuit  shows  that  the  electric  field  had 
negligible  coupling  to  the  output  of  the 
current  transformer.  Such  checks  are 
desirable  because  electromagnetic  fields  can 
couple  erroneous  signals,  for  example,  into 
the  loop  area  between  voltage  probes. 

Appendlx-Il 

Processing  of  data  to  determine 
front  time  and  ..duration 

A  computer  program  was  written  to 
automatically  process  the  data  and  determine 
the  front  time  and  duration  for  each  waveform. 
The  data  are  arranged  in  an  array  of 
coordinate  pairs  (C,  ^ .  where  i  is  the 

integer  index. 

peak  value_of  unipolar  waveforms 

The  front  tia#  and  duration  are  defined  in 
terms  of  the  peak  value,  V  so  the  first  task 
is  to  determine  the  best  estimate  of  the  peak 
value.  The  program  scans  all  of  the  saaples 
starting  with  the  earliest  (!~1)  and  ending 
with  the  latest  (1-1026).  The  program  rinds 
the  largest  value  of  JVqui  in  each  data  file, 
which  occurred  at  the  j^1  sample.  If  the  same 
maximum  value  occurred  at  two  or  more  samples 
in  one  data  file,  the  earliest  occurrence  was 
used  for  the  value  of  j.  The  peak  voltage, 

u'°s  then  calculated  from  the  average  value 
of  the  five  samples  between  j • 1  and  J*3.  More 
joints  were  taken  after  the  largest  value  of 
•  '•Vy; i  than  be  tore  because  the  decav  of  the 
overstress  waveform  is  .ess  rapid  than  the 
initial  rise. 

f.ar.t  time  of  unipolar  voltage  'waveforms 
Once  Vp  has  been  determined,  the  times  of 
occurrence  of  che  3r%  and  90»  points  on  the 
leading  edge  are  found.  The  program  scans  the 
data  starting  with  che  earliest  (i-i)  sample 
until  che  first  occurrence  of  a  voltage 
VHN  i  (0-3  is  found  at  the  kc^  sample. 

The  program  then  fits  a  straight  line  by  the 
method  of  leas t - squares  through  the  seven 
coordinate  pairs  starting  at  sample  k-2  and 
ending  at  sample  kw6 ,  which  gives  a  line  of 
the  form: 

'"'hn  '  ^ )  ”  a  t  +  b 

The  assumption  is  made  in  the  least- squares 
routine  that  Che  time  of  each  sample  is  exact 
and  that  only  the  voltage  values  have  errors, 
•his  assumption  is  justified  because  the 
quartz  crystal  timebase  In  the  oscilloscope  is 
much  more  accurate  than  the  voltage 
digitization.  The  time  of  the  30%  point,  t, , 
is  found  by  1 

-  1(0.3  V3)  -  bl/a 

The  least-square  linear  curve  fitting  and 
interpolation  is  used  to  accurately  specify 


the  tirn  6^  #v*B  wh#n  th*  data  have 
oscillation*  and  random  fluctuations  (noise). 

A  similar  process  is  used  to  find  the  cist 
of  the  904  point  on  the  leading  edge,  Ep,  and 
the  tl  #e  of  ch«  50*  point  on  the  tail  of  the 
waveform,  tj. 

These  algorithm*  give  identical  values  of 
front  time  to  3  significant  digits  for  the 
1.2/50  ps  waveform  from  one  code!  of  surge 
generator  when  Che  voltage  data  are  sampled  at 
intervals  of  either  0.01  a*  or  0.10  a®.  This 
shows  that  processing  of  the  data  can  be  used 
to  increase  the  effective  resolution  of  the 
data. 

unipolflr-.cu.rrenc„w_ayefara.i 

The  current  waveforms  were  processed  in  the 
sane  way,  except  that  ch#  104  point  instead  of 
the  304  point  on  the  leading  edge  is  used  to 
calculate  the  front  tine. 


parameters  for  ring  waveform 

The  largest  value  of  ln  the  record  is 

found  in  the  sane  way  as  the  peak  of  the 
unipolar  voltage  vavefora,  except  that  only 
four  samples  are  averaged.  The  value  of  the 
first  peak  is  called  Vp'O). 

Tlie  zero-crossings  of  the  vavefora  are 
found  next.  The  prograa  searches  for  the 
first  taro  crossing  afcer  the  largest  peak, 
when 


The  progra*  then  fits  a  straight  line  through 
the  data  between  the  J-2  and  j  t-4  samples, 
including  the  end  points.  Ths  time  of  the 
zero  of  this  straight  line  is  called  t„(l), 
which  is  the  best  estimate  of  the  tiae“of  the 
first  zero-crossing. 

The  prograa  resumes  ch#  search  for  the  next 
zero  at  sample 

J  +  Ih’T(2.S  ps/it) 

where  j  is  the  integer  sample  number  nearest 
the  previous  zero,  2.5  pg  is  one-quarter  of 
the  nominal  period  of  oscillation,  and  6t  is 
the  time  between  successive  samples.  The  next 
five  zeroes  are  found  in  the  same  way  as  the 
first  and  called  t2(2) . tz(6) , 

The  average  frequency  of  oscillation,  f,  is 
determined  from  the  first  five  zeroes  afcer 
the  largest  peak: 

£  -  2/[tz(S)  -  c2(l)] 

The  program  then  finds  the  values  of  the 
other  peaks,  V  (1),  by  searching  for  the 
largest  value  of  ! I ■  tfhlch  occurs  at  the 
j sample,  between  two  successive  zero- 
crossings.  t.(i)  and  tz(i+l),  where  1  S  i  5  5 . 
The  value  of  each  peak  is  obtained  by  an 
average  over  four  points  from  the  j-1  to  the 
j  +  2  saropie 

The  rise  time  of  the  leading  edge  of  the 
ring  waveform  is  found  last.  The  values  of 
the  104  and  904  points  for  the  rise  time  are 
found  in  the  same  way  as  for  unipolar 
waveforms . 


(V^j  *  <VHN>1+1  s  0 
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Abstract  -  The  design  of  comsiercul  lew-pass  filter 
module s  for  souioaent  connected  to  the  low-voltage 
supply  mains  Is  revieweo.  Probleas  of  using  these 
filters  to  proteet  eleotronio  equipment  from  damage 
or  upset  by  high-voltage  transients  on  the  sains  are 
discussed.  The  design  and  performance  of  circuits 
that  incorporate  both  overvoltage  protection  and  a 
low-pass  filter  are  discussed.  One  circuit  is 
designed  for  eoeasrelal  environments,  the  other  for 
medical  equipment  in  patient  oar#  areas.  Filtsrs  for 
medical  equipment  in  patient  care  areaa  must  have 
very  small  llr.a-to-grour.d  leakage  currents,  which 
makes  It  difficult  to  provide  either  overvoltage 
protection  or  low-pass  filtering.  Using  an 
overvoltage-protected  low-pass  filter  is  less 
expensive  than  using  a  line  conditioner  to  protect 
equipment,  and,  in  many  instances,  the  filter  may 
give  satisfactory  protection. 

I.  INTRODUCTION 

Low-pass  filters  are  commonly  connected  in 
series  with  the  power  oord  for  eleotronio  equipment 
to  achieve  electromagnetic  compatibility.  These 
filters  attenuate  high  frequency  noise  that  is 
generated  Inside  the  chassis  and  conducted  on  the 
power  oord  out  of  the  chassis  and  into  the 
environment.  This  application  of  filters  is 
well  known  and  covered  In  many  standards  and 
regulations.  Low-pass  filters  may  also  protect 
equipment  from  some  disturbances  on  the  mains,  such 
as  high-frequency  noise  and  transient  overvoltages. 

High-voltage  transients  on  the  mains  Can  damage 
electronic  circuits  or  cause  temporary  malfunction 
(upset)  of  these  circuits.  Common  sources  of  high- 
voltage  transients  Include  lightning  strikes  to 
overhead  power  lines  and  switching  of  reactive 
loads  C *  3 .  Transient  overvoltages  with  a  peak  value 
greater  than  about  500  J  are  rare  events.  Bursts  of 
high-frequency  noise  with  a  peak-to-peak  value 
between  ^0  and  100  V  occurred  at  one  residential  site 
at  an  average  rate  of  0.5  per  hour  [2].  Maximum 
values  of  j  CV/dt  |  of  the  order  of  1  kv/us  were  common. 
Because  the  peak  voltage  values  in  these  bursts  of 
noise  are  less  than  the  amplitude  of  the  steady-state 
mains  voltage,  overvoltage  protection  (e.g.,  metal 
oxide  varistors)  will  be  Ineffective  In  attenuating 
these  disturbances.  However,  a  low-pass  filter  could 
be  effective  in  attenuating  these  bursts  of  noise. 
This  paper  examines  the  design  and  use  of  low-pass 
filters  to  protect  equipment  from  high-voltage 
transients  on  the  mains. 

High-frequency  noise  is  transferred  rroa  the 
mains  through  step-down  transformers  by  parasitic 
capacltince  between  the  primary  and  secondary  colls 
'3j.  Therefore,  the  high-frequency  noise  at  the 
secondary  may  be  larger  than  would  be  expected  on  the 
basis  of  the  turns  ratio  and  the  amplitude  of  the 
noise  on  the  mains.  One  cannot  rely  on  cossson  dc 
voltage  regulator  circuits  to  attenuate  high- 
frequency  noise  or  transient  overvoltages  because 
these  circuits  do  not  reject  high-frequency  noise  at 
the  same  degree  as  the  ripple  voltage  at  twice  the 
mains  frequency  on  account  of  limitations  Imposed  by 
the  gain-bandwidth  product.  Electrolytic  filter 


capacitors  that  reduce  the  ripple  in  dc  power 
supplies  have  appreelable  series  ir.duotar.ee  which 
makes  them  ineffective  for  bypassing  noias  to  ground 
at  frequencies  of  about  1  MHz  or  greater.  Therefore, 
high-frequtnoy  noise  or  transient  overvoltages  on  the 
sains  may  be  able  to  propagate  through  a  do  power 
supply  and  upset  the  operation  of  an  electronic 
circuit. 

Common  low-pass  filter  modules  for  commercial 
service  provide  approximately  30  dB  to  70  dB  of 
attenuation  in  a  50  Q  system  at  frequencies  between 
0.15  MHz  and  30  MHz.  Owing  to  limitations  on  the 
physical  size  of  inductors  and  capacitors,  most 
filters  have  little  attenuation  at  frequencies  below 
r  MHz.  However,  mains  filters  for  switching  power 
.-.„piles  may  need  significant  attenuation  at 
frequencies  as  low  as  10  kHz.  Common  transient 
overvoltage  have  appreciable  energy  at  frequencies 
below  1  kHz.  Above  about  30  .MHz  most  noise  Is 
transferred  In  or  cut  of  a  chassis  by  radiation 
through  sp*o«,  rather  than  by  conduction  along  wires. 

A  transient  on  the  mains  with  a  peak  value^f 
2000  V  would  be  attenuated  to  about  60  V  by  a  filter 
with  an  attenuation  of  30  dB.  This  amount  of  I 
attenuation  might  be  adequate.  However,  a  problem 
arises  because  a  rilter  that  is  rated  to  have  an 
attenuation  of  30  dB  may  have  less  attenuation  during 
high-voltage  transients.  Filters  are  normally 
character ized  with  a  sinusoidal  voltage  with  an 
amplitude  Of  only  a  few  volts.  Attenuation  data  from 
these  experiments  are  not  relevant  to  performance 
during  high-voltage  transients  for  the  following 
reasons: 

(1)  The  dielectric  in  shunt  capacitors  may  break 
down  and  produce  a  large  value  of  dV/dt  Inside 
the  filter,  which  behaves  as  an  unexpected 
source . 

(2)  The  Inductance  of  chokes  typically  decreases 
during  large  currents  owing  to  partial  or 
complete  saturation  of  ferromagnetic  core 

—  material.  Abnormally  large  currents  may  flow  in 
chokes  during  high-voltage  transients. 

(3)  Large  voltage  stresses  across  series  Induotcrs 
may  cause  Insulation  breakdown  and  shunt  the 
Inductor  with  an  arc. 

(a)  Attenuation  data  in  manufacturer's 

specifications  Is  measured  with  a  50  n  resistive 
load.  While  this  Is  a  reproducible  test  method, 
it  does  not  correspond  to  actual  operaclng 
conditions  [Uj. 

The  last  reason  Is  particularly  Insidious.  The  50  ii 
resistive  load  In  the  standard  test  method  damps 
resonances  that  may  be  present  with  the  LC  elements 
In  the  filter.  Furthermore ,  a  reactive  load  during 
real-world  operation  of  the  filter  may  cause 
resonance  with  the  output  port  of  a  low-pass  filter 
and  produce  voltage  gain  [51. 

II.  conventional  desicn  of  filters 

Modern,  low-cost  filter  modules  for  commercial 
service  have  a  typical  circuit  configuration  shown  In 

Fig.  1. 

The  Inductor  In  Fig.  1  has  two  identical  colls 
that  are  wound  or.  a  ferrite  toroid,  as  described  by 
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rig.  1.  Typical  low ‘•cost ,  low-pass  filter  module  for 
use  between  mains  and  electronic  equipment. 


C 6 j .  This  casponent  is  called  a  "common-node 
choke,"  since  it  presents  a  auen  larger  indue-, ante  to 
coaaon-sode  than  to  differential-mode  signals.  A 
typical  common -mod  a  choke  in  a  sains  filter  has  an 
inductance  between  about  l  raH  and  30  hH  to 
copjson-aoae  signals.  The  inductance  for 
different lal-mode  signals  Is  of  the  order  of  3C  uH 
l~],  Th.e  small  differential-node  inductance  prevents 
saturation  cf  the  magnetic  core  by  normal  load 
currents,  wnich  may  be  of  the  order  of  *  to  20  A  rti. 
For  this  reason,  this  component  Is  sometimes  called  a 
"current-compensated  choke."  The  continuous  toroidal 
core  structure  la  particularly  desirable  because  It 
has  no  air  gap  to  radiate  magnetic  field  and  Increase 
ambient  electromagnetic  noise  levels. 

There  are  two  practical  ways  to  connect 
capacitors  in  a  low-pass  filter  for  the  mains.  Cne 
or  core  capacitors,  such  as  Cl  and  C2  in  fig.  1,  can 
be  shunted  between  the  hot  and  neutral  conductors  to 
attenuate  differential-mode  noise.  Or  a  pair  of 
capacitors,  such  as  C3  and  CU  in  Fig.  1,  can  be 
shunted  between  ground  and  each  mains  conductor  to 
attenuate  eosaon-sofld  noise.  The  capacitance  values 
of  C3  and  C'-i  are  nominally  Identical,  so  that 
cosnon-node  noise  la  noc  converted  to  appreciable 
differential-node  .noise  by  unbalanced  Impedances. 

The  capacitance  cf  el. hen  Cl  or  C2  Is  usually  between 
about  0.1  „r  and  0,5  uF.  and  It  can  be  made  larger . 

The  capacitances  of  C3  and  C“  must  be  sjall  for 
safety  reasons;  values  of  the  order  of  2  r.F  are 
typical,  if  the  ground  connection  were  open,  an 
electric  shock  hazard  uould  exist  If  the  capacitance 
between  the  not  conductor  in  the  ca'ns  and  the 
cnassls  ground  is  large. 

The  maximum  capacitance  between  the  mains  and 
ground  Is  determined  by  the  allowable  leakage  current. 
The  leakage  current  Is  censured  between  the 
conducting  case  (which  must  normally  be  connected  to 
circuit  ground )  and  the  mains  neutral  conductor  when 
the  filter  Is  connected  to  the  mains  without  a  ground 
wire.  The  maximum  leakage  current,  and  the  maximum 
capacitance  for  use  on  120  V  rms,  60  Hz  mains.  Is 
given  Ir.  Table  1  . 

The  input  capacitor,  Cl  in  Fig.  ‘ ,  Is  vulnerable 
to  damage  by  transient  overvoltages  on  the  mains. 
Consider  the  common  S/20  us  current  waveform  with  a 
peak  cf  5CC  A  that  Is  used  for  testing  surge 
protective  devices.  This  test  waveform  transfers 
8.7  rC  of  charge,  if  we  consider  a  typical  s  filter 
with,  two  0.5  jf  capacitors  and  a  3-  uH  choke,  the 
potential  difference  across  the  capacitors  will  have 
a  peak  value  of  about  9.6  kV.  This  large  voltage 
across  the  capacitor  could  cause  dielectric 
breakdown,  followed  by  an  arc  inside  the  capacitor. 

The  peak  voitage  of  9.6  kV  that  is  predicted  by 
calculation  would  probably  not  occur  in  a  realistic 
situation;  censor,  electrical  outlets  flashover  at  a 
potential  of  about  6  kV.  whatever  the  peak  voltage 
nay  pe  during  a  severe  overstress,  it  still  threatens 
the  dielectric  ir.  shunt  capacitors. 
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Maximus  leakage  current  sped  neat  lens  are  contained 
in  section  27  of  underwriters  Laboratory  Standard  5*R 
(for  tedleal  equipment)  and  in  section  2b  of 
Underwriters  Standard  1283  (for  mams  filters). 


To  avoid  destruction  of  unprotected  filters 
curing  operation  when  connected  to  the  mains, 
specifications  commonly  aodress  ser.avior  curing 
transient  high-voltage  stresses.  For  example,  [3] 
requires  filters  that  are  rated  for  250  V  ac  or  less 
to  withstand  a  potential  difference  of  Ida  v  dc  r 
between  the  hot  and  neutral  terminals  and  a  potential 
difference  of  2)21  V  dc  Between  ground  and  either  the 
hot  or  neutral  conductor.  ! 

An  additional  problem  with  filters  during 
transients  is  the  possible  resonance  that  may  cause 
the  amplitude  of  the  voltage  across  the  output  port 
to  exceed  the  amplitude  of  the  source  voltage.  There 
are  several  techniques  to  avoid  constructing  a  hlgh-0 
resonant  circuit.  Chokes  with  a  ferrite  core  can  be 
fabricated  to  have  a  large  resistive  component  of 
impedance  at  frequencies  between  about  0.1  MHz  and 
10  MHz.  This  resistance  damps  oscillations  in  an 
otherwise  pure  LC  circuit  without  using  resistors. 

The  permeability  (and  thus  the  Inductance)  cf  ferrite 
cores  decreases  as  the  current  increases.  This 
effect  also  helps  to  avoid  resonance.  However, 
resonance  can  still  occur  when  a  reactive  load  Is 
connected  to  the  filter. 

—III.  DESIGH  OF  AN  OVERVOLTAGE- PROTECTED 
LOW-PASS  FILTER  FOR  THE  MAINS 

The  discussion  of  the  design  of  a  low-pass 
filter  that  contains  Integral  overvolLage  protection 
Is  divided  Into  three  parts.  First,  the  overvoltage 
protection  and  basic  filter  design  will  be  discussed. 
Second,  damping  of  resonances  ar.d  safety 
considerations  will  be  discussed.  Third,  an 
alternate  design  will  be  discussed  for  applications 
that  require  low  llne-to- ground  leakage  currents. 

The  uetal-oxlde  varistor  Is  widely  recognized  as 
a  cost-effective  voltage  limiting  device  for  use  on 
the  oalns  [9].  One  of  the  features  of  these 
varistors  Is  a  parasitic  Copacltar.ce,  which  Is  often 
between  0.5  r.F  and  5  nF,  uhunted  across  its  terminals 
This  capacitance  can  be  utilized  to  make  the  first 
stage  cf  a  low-pass  filter,  while  also  obtaining 
voltige  limiting  [’0], 

The  circuit  shown  in  Fig.  2  has  two  stages.  The 
first  stage  uses  nominally  Identical  metal-oxide 
varistors,  vi  and  V2,  to  provide  voltage  limiting  for 
coEDon-mode  transients.  Both  the  hot  and  neutral 
conductors  are  clamped  at  some  relatively  small 
potential  Ce.g.,  300  V  to  5C0  V',  from  ground. 

Inductor  LI  and  varistor  71  form  a  nonlinear 
voitage  divider  for  transient  overvoltages  with  short 
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Fig.  2.  Simple  overvoltage-protected  low-pass  filter. 


durations.  L2  and  72  act  in  the  mm  w ay  for 
transients  on  the  neutral  conductor.  For 
high-frequency  noise,  tne  inductances  Li  and  L2  form 
a  low-pass  filter  with  the  parasitic  capacitance  of 
variators  VI  and  V2  and  with  capacitor  02. 

The  second  stage  of  the  circuit  shown  In  Fig.  2 
contains  a  common -mode  choke,  L 3 ■  and  bypass 
capacitors,  Ci.  C5.  and  C6.  The  second  stage  of  the 
low-pass  filter  shown  in  Fig.  2  attenuates  t.ne 
remnant  of  any  transient  overvoltage  that  passes 
downstream  froa  varistors  VI  and  V 2  and  also  provides 
additional  attenuation  of  high-frequency  noise. 
Component  s  L3.  C5 ,  and  06  form  a  low-pass  filter  for 
coason-mode  signals.  Owing  to  laperfectlons  in  the 
symmetry  of  the  two  colls  in  1-3,  this  choke  presents 
a  relatively  stall  Inductance  to  dirferentlal-oode 
signals.  This  Inductance  and  Cl  fora  a  low-pass 
filter  for  different lal-oode  signals.  Additional 
protection  from  transient  overvoltages  is  obtained  by 
connecting  variator  V3  as  shown  in  Fig.  2. 

There  are  many  considerations  involved  in 
selecting  component  values  for  the  circuit  shown  in 
rig.  2. 

The  input  inductors  have  a  single  layer 
construction  to  prevent  insulation  breakdown  between 
layers  and  are  rated  to  withstand  at  least  a  5  kV 
impulse  between  terminals,  as  suggested  by  [11].  the 
single  layer  construction  also  increases  the 
seif-resonant  frequency  of  the  choke  by  decreasing 
the  parasitic  capacitance  between  the  terminals. 
Chokes  Li  and  L2  are  connected  upstream  from  L3 
because  regular  chokes  can  be  more  easily  designed  to 
withstand  high-voltage  transients  than  can 
common-mode  c.hoke  L3- 

The  Inductance  values  for  L'  and  1.2  are  limited 
py  two  considerations.  These  Inductors  are  in  series 
with  the  load  current  and  have  a  voltage  across  them 
during  the  normal  operation  of  the  filter.  If  the 
filter  is  rated  for  10  A  rms,  60  Hz  service  and  if  a 
drop  of  l  V  rms  across  the  filter  can  be  tolerated, 
the  maximum  inductance  is  about  270  pH.  This 
inductance  limit  applies  to  the  sum  of  inductance:.  LI 
and  L2.  and  the  inductance  of  the  choke  L3  for 
differential-mode  currents.  Subject  to  this  limit, 
larger  values  of  inductance  are  more  desirable. 

Size  Is  the  other  consideration  for  inductance 
value.  The  input  inductors,  L!  and  L2.  should  have 
single  layer  construction.  These  Inductors  should  be 
able  to  withstand  at  lease  5  k'V  across  the  terminals. 
The  high-voltage  construction  of  these  inductors  will 
make  them  relatively  large:  a  length  between  7  cm  and 
12  cm  is  typical  of  single  layer  ehoke3  with  ferrite 
cores,  an  inductance  between  10  uH  and  80  uH,  and  a 
20  kV  rating.  Since  devices  with  larger  Inductance 
values  have  a  larger  size  and  there  are  size 
constraints  on  the  completed  filter  module,  the  size 


of  the  module  may  determine  the  maximum  practical 
inductance  value  for  Li  and  L2, 

All  lumped  element  capacitors  have  a  small 
parasitic  inductance,  which  may  be  as  small  as  5  nH. 
that  makes  the  capaoltor  useless  at  high  frequencies. 

It  is  wen  known  that  the  parallel  connection  of  two 
different  capacitors  (e.g.,  0,5  uF  and  0.01  uF)  will 
provide  a  smaller  magnitude  of  impedance  over  a  wider 
frequency  rang#  than  either  capacitor  alone  C7].  The 
parasitic  capacitance  of  the  varistor  V3  is  effective 
in  this  /ay  with  capaeLtor  Cl. 

A.  Varistor  Sped  flea  tier,  s 

It  is  important  that  Vi  and  V2  be  nominally 
identical  devices.  If  the  variate-  connected  betweeh 
the  neutral  and  grounding  conductors,  V2.  were  to 
have  a  smaller  conduction  voltage  than  VI ,  then 
common-mode  transient  overvoltages  and  noise  would  be 
converted  to  differential-mode  by  the  miaoatched 
varistors.  Owing  to  the  use  of  a  common-mode  choke, 

L 3 .  with  its  large  value  of  Inductance  In  the  second 
stage  of  th#  filter,  the  ooamon-mode  attenuation  can 
be  greater  than  the  differential-code  attenuation. 
Therefore,  it  is  desirable  to  have  nominally 
identical  devices  for  VI  and  V2.  There  is  also  the 
prospect  of  having  an  application  where  the  hot  and 
neutral  conductors  are  reversed  in  the  wall  outlet, 
so  that  V2  is  exposed  to  the  full  mains  voltage. 

It  is  recommenced  that  varistors  for  use  on 
mains  with  a  nominal  voltage  of  120  V  rms  meet  the 
following  specif icatlonsi  f 

(1)  When  Vg  is  the  varistor  voltage  at  1  »A  dc| 

current  and  at  a  temperature  of  25*  C,  the  value 
of  Vf/  should  satisfy  [ 

210  <  VN  c  300  V 

(21  There  should  be  less  than  500  V  across  the 

varistor  during  an  8/20  ps  test  current  with  a 
100  A  peak  value. 

(3)  The  varistor  shoulJ  survive  an  8/20  us  waveshape 
with  a  peax  current  of  at  least  5  kA  without 
rupturing  the  ease  or  loss  of  protective 
function . 

(«)  The  varistor  should  bo  aole  to  tolerate  at  least 
a  million  pulses  of  50  A  peak  current  (8/20  us 
waveshape)  without  changing  V jg  by  more  than 
*101. 

For  long-term  reliability,  there  should  be  small 
power  dissipated  in  che  varistor  when  the  rms  voltage 
Is  somewhat  greater  than  normal  (F.  hartzloff, 
personal  communication  ) .  For  this  reaaon,  the  first 
specification  has  a  larger  minimum  value  of  Vvj  than 
might  otherwise  appear  necessary. 

With  Ir.C  varistor  technology  available  In  1987, 
such  a  varistor  will  have  a  minimum  diameter  of  20  mm. 
in  the  circuit  shown  in  Fig.  2.  varistors  VI  and  V 2 
are  expected  to  be  exposed  to  larger  surge  currents 
and  therefore  suffer  more  rapid  degradation. 

Therefore,  one  could  speciry  that  varistors  VI  and  V2 
have  somewhat  greater  conduction  voltage  than 
varistor  V3.  Alternately,  the  first  two  varistors 
may  be  specified  to  have  a  larger  diameter  than 
varistor  Y3.  .  For  example,  VI  and  V?  might  have  a 
diameter  „f  32  =3,  while  V3  might  have  a  diameter  of 
20  turn . 

The  clamping  voltage  for  differential-mode 
transients  at  the  input  of  L3  is  twice  the 
codmon-mode  value,  since  VI  and  V2  are  in  series  for 
differential-mode  voltages.  This  peak  voltage  value 
is  unlikely  to  damage  the  dielectric  of  the 
capaoltcrs.  Cl  ,  C2.  C5,  or  C6,  or  the  insulation  of 
the  choke,  L3.  While  it  is  no  longer  critical  that 
the  capacitors  In  this  filter  be  able  to  withstand 
high-voltage  transients,  it  is  recommended  that  only 
capacitors  with  self-healing  dielectrics  that  are 
rated  for  operation  at  600  V  dc  (or  mere)  be  used. 
This  provides  a  greater  reliability  for  the  filter. 
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a.  Suppression  of  Resonances 

Th«  filter  shown  in  Fig.  2  will  have  voltage 
gain  at  various  frequencies  owing  so  resonances  of 
various  LC  pairs.  There  is  a  resonance  for 
tosson-soae  signals  owing  to  L 3.  C5,  C6.  ana  the 
parasttia  capac  .tances  of  vi  ana  V2.  Another 
resonance  for  eoeacn-aede  signals  is  owing  to  U,  l2, 
ana  the  parasitic  capacitances  of  Vi  ana  V2.  There 
la  a  resonance  for  differential-mode  signals  owing  to 
Li  i  L2 ,  Ci,  C2,  ana  the  r.on-idea\  ir.duotanee  of  L3  to 
aifferer.tiai-soae  signals. 

As  mentioned  earlier,  the  possibility  exists 
that  the  filter-load  system  will  have  resonances  when 
a  reactive  load  Is  connected  to  a  low-pass  filter. 
There  are  two  possibilities  for  reactive  loads: 
inductive  arid  capacitive.  Pure  inductive  loads  are 
unusual.  Most  Inductive  loads  across  the  sains 
(e.g.,  sectors,  relay  colls)  have  substantial  serle 
resistance  that  will  aoe  to  damp  any  resonances. 
However,  high-quality  capaoitlve  loads  do  exist:  many 
pieces  of  electronic  equipment  have  capacitors 
connected  to  the  mains  for  suppression  of 
electromagnetic  noise.  Many  products  Intended  for 
office  mo  Industrial  applications  have  conventional 
low-pass  filters  connected  to  the  sains,  wnich  have  a 
capacitive  input  ;see  Fig.  i).  “any  electronic 
products  for  consumer  applications  (e.g.,  television 
receivers,  video  tape  recorders,  stereo  receivers, 
etc.)  have  simple  capacitors  across  tho  mains. 

Voltage  gain  can  be  avoided  by  adding  resistive 
dampening,  as  shown  in  Fig.  3.  me  circuit  shown  in 
Fig.  3  includes  all  of  the  components  shown  in  Fig. 

2,  plus  seven  resistors  and  two  capaoltors. 


Fig.  3-  Overvoltage-protected  filter  for  commercial 
use . 

Given  the  types  of  reactive  loads  In  the  world, 
one  cannot  suppress  resonances  In  a  low-pass  filter 
by  merely  connecting  resistors  in  series  with  shunt 
capacitors  lr.slde  the  filter.  While  this  would  damp 
Internal  resonances,  it  Coed  nothing  to  solve  the 
resonance  owing  to  the  external  capacitive  load. 
Instead,  resistors,  such  as  R5  and  R6  1",  Fig.  3.  are 
munted  across  the  Inductor  nearest  cne  output  port. 
a  cruce  initial  approximation  for  the  valu>.  c  '  these 
-eslstances  car.  be  obtained  by  calculating  the 
reactance  of  one  coll  in  L3  at  the  resonance 
frequency . 

It  Is  undesirable  to  connect  resistors  In 
parallel  with  Li  and  L2  because  these  inductors  may 
be  exposed  to  high-voltage  transients  that  might 
damage  inexpensive  resistors. 

The  series  PC  networks  shown  In  Fig.  ;  provides 
damping  of  resonances.  Such  networks  are  -demon  in 
switching  appllca'lons  witn  relays.  SCRs.  t-'  rlacs, 


Jh#r*  tney  are  known  *a  "snubber  networks."  Resistor 
R2  damps  the  resonance  to  different  Ui-aode  signals 
formed  by  Li,  L2,  C2,  Cl,  and  the  different lal-sode 
inductance  of  L3*  The  snubber  networks  R3.C3  ana 
RR.CR  provide  damping  of  resonances  of  ee*son-@ode 
signals  owing  to  L3,  C$,  and  C6.  Further  damping  for 
both  differential-  and  cosstm-moses  may  be  provided 
by  the  resistive  ecspohent  of  the  impedance  of  Li, 

L2,  and  L3  owing  to  the  losses  In  the  cores  of  these 
chokes. 

There  is  no  reason  to  inolude  a  damping  resistor 
in  series  with  Cl ,  since  a  capaoitlve  load  would 
remove  the  effeot  of  this  resistance.  The  use  of 
dashing  resistor  R2  can  adequately  suppress 
dlf .arential-aode  resonances. 

Resistor  R 7  Is  included  to  discharge  the 
capacitors  if  the  filter  Is  disconnected  from  the 
mains  with  no  load  present.  The  value  of  R7  may  be 
chosen  to  decrease  the  potential  across  capacitors  Cl 
and  C2  to  some  small  value  (e.g.,  less  than  30  V)  one 
second  after  the  mains  are  disconnected  at  a  positive 
peak  of  the  sinusoidal  mains  waveform.  There  is  no 
need  to  discharge  capacitors  C5  and  C6  because  their 
capaoita.ioe  is  so  small.  If  C3  and  Ca  have  large 
capacltruices,  another  discharge  resistor,  r8.  should 
be  Included.  The  resistances  of  R7  and  P8  are  too 
large  to  have  an  effect  on  damping  of  resonances-, 
those  resistors  are  induced  only  for  safety 
considerations. 

IV.  DESIGN  OF  AN  OVERVOLTAGE-PROTECTED  MAINS# 
FILTER  FOR  PATIENT  CARE  EQUIPMENT  j1 

A  filter  can  be  designed  for  medical  equlpe^nt 
in  patient  care  applications  using  the  principles 
discussed  above.  The  only  unusual  criterion  is  that 
Of  very  lew  leakage  current  (see  Table  1).  If  a 
generous  safety  margin  Is  to  be  provided,  the 
llne-to-ground  capacitance  must  bo  limited  to  about 
500  pF.  which  effectively  prohibits  the  use  of  either 
aetai-oxide  varistors  or  large  capacitances  in 
llne-to-ground  connections.  Some  of  these 
difficulties  can  bo  overcome  with  the  circuit  shown 
in  Fig. 
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Fig.  4.  Overvoltage-protected  filter  for  patient 
care  equipment. 


The  relatively  large  parasitic  capacitance  of 
the  llne-to-ground  varistors,  VI  and  V2.  is  reduced 
to  only  a  few  picofarads  by  connecting  a  spark  gap  m 
series.  However,  the  spark  gap  has  a  delay  tine 
between  the  application  of  an  overvoltage  and  the 
onset  of  an  arc  inside  the  gas.  9y  placing  the  spark 
gaps  and  varistors  upstream  from  chokes  l1  and  L2,  we 
obtain  two  advantages.  First,  the  inductance  m  Li 
and  L2  helps  create  a  large  voltage  during  transient 
overvoltages  with  a  abort  rise  time,  which  will 
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reduce  the  delay  time  in  the  *p»rk  gaps.  Second,  th# 
law-pass  filters  fora«a  by  tnt  various  inductors  and 
oipaoitors  atttni'ite  the  reanaiu  that  passes 
downstream  Proa  ths  spark  gaps,  VI,  and  V2.  Prior  to 
tne  onset  of  the  arc  inside  the  spark  gaps,  this 
remart  will  be  the  entire  transient  overvoltage 
across  the  input  port.  This  Idea  is  not  newi  [11] 
advooaced  it  thirty  years  age.  However,  the  merits 
of  this  circuit  appear  to  have  been  ignored. 

The  seleetlo-  of  varistor  models  for  this 
circuit  is  guided  by  the  saw  prlnalpies  that  were 
discussed  above  for  a  cemoeroial  environment .  Use  of 
a  varistor  tnat  is  suitable  for  direst  connection 
between  the  mains  and  ground  .  ill  eause  the  spark  gap 
to  extinguish  when  the  overvoltage  oeasesi  there  will 
be  no  "follow  current." 

Attenuation  of  different lai-flode  ove-voltages  la 
provided  by  chokes  U  and  L2,  together  with  varistors 
V'3  and  vk.  a  differential-mode  low-pass  filter  is 
formed  by  LI,  L2,  and  C2.  Resonance  is  suppressed  by 
including  resistor  R2  In  the  middle  of  the  filter. 
Additional  attenuation  of  high-frequency  differential- 
mode  signals  is  provided  by  the  parasitic 
capacitances  of  V3  and  va. 

A  common -mode  low-pass  filter  Is  formed  by 
com/aon-nodt  choke.  L3.  and  capacitors  C5  and  C6.  for 
safety  reasons,  the  capacitance  of  C5  ar.d  C6  Is 
limited  fo  about  500  pp  each. 

~he  purposes  of  R5 .  R6,  and  R7  in  Fig.  a  are 
identical  to  the  components  of  the  sane  designations 
in  Fig.  3,  which  were  explained  above. 

V.  TESTS 

Prototype  versions  of  the  overvoltage-protected 
filters  for  use  In  either  a  comcerolal  or  medical 
environment  were  subjected  to  a  nuober  of  different 
tests  In  a  laboratory.  The  steady-state  frequency 
response  is  rr-sented  flrsrt.  Then  tne  response  to 
transient  overvoltages  )s  discussed. 

A.  Steady-State  Frequency  Response 

Attenuation  as  a  function  of  frequency  was 
measured  with  the  circuit  snown  in  Fig.  5.  The 
signal  source  was  a  Wavetek  model  1 9 1  function 
generator  that  was  connected  to  an  Amplifier  Research 
model  50A15  power  amplifier.  This  combination  could 
p-ovide  a  sinusoidal  waveform  over  the  frequency 
-ar.ge  from  '0  kHz  to  20  MHz.  Nearly  all  of  the  data 
were  collected  with  a  20  V  peak-to-peak  sinusoidal 
input  signal.  The  voltmeters  were  the  two  channels 
of  a  Tektronix  model  2HU5  oscilloscope,  which  have  an 
input  Impedance  of  I  MC  shunted  by  about  15  pF.  A 
50  r,  coaxial  load  was  connected  at  the  front  panel  of 
the  oscilloscope  for  the  measurement  of  voltage 
across  the  filter’.',  output  port.  Coaxial  cable  was 
used  for  all  connections.  Frequency  measurements 
were  made  with  tne  cursors  on  the  oscilloscope 
screen . 

■t  was  not  possible  to  measure  the  ulfferontlal- 
code  response  of  the  filter,  since  a  high-quality, 
center-tapped  transforeer  with  s  wide  bandwidth  was 
not  available.  A  crude  substitute  was  to  connect  ’he 
neutral  to  ground  at  both  the  Input  and  output  ports, 
«nich  gives  what  tnay  be  called  the  "normal-mode" 
response.  Since  one  terminal  of  the  oscilloscope 
input  is  at  ground  potential,  no  other  choice  was 
possible . 

Fig.  6  snow.’,  the  frequency  ■  esponse  for  the 
low-pass  rilter  for  commercial  environments,  which 
uses  the  schematic  shown  Ir.  Fig.  3.  The  solid  lire 
snows  the  response  to  coceaon-taode  signals!  the  dashed 
■ire  shows  the  response  to  normal-mode  signals.  The 
resonance  near  0.6  MHz  Is  caused  by  the  Inductances 
of  Li,  L2.  and  the  parasitic  capac’tances  of  VI  and 
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Fig.  6.  Frequency  response  of  the  filter  for 
commercial  environments. 


72.  The  resonance  for  normal-mode  signals  near 
20  kHz  Is  caused  by  Ll,  L2,  and  C2. 

Fig.  T  shows  the  frequency  response  of  the 
low-pass  filter  for  medical  environments,  which  uses 
the  schematic  shown  In  clg.  4.  The  attenuation  of 
common -mode  signals  at  frequencies  below  about 
0.1  MHz  Is  mostly  due  to  voltage  division  usli.-?  the 
Inductance  (Li,  L2,  and  L3)  and  the  50  fl  resistive 
load  at  the  oscilloscope  Input.  This  Is  not 
surprising,  since  there  to  a  stringent  Halt  cn  the 
maximum  value  of  llne-tc-7round  capacitance  in  this 
environment.  The  amount  of  attenuation  of 
normal-mode  signals  of  this  filter  Is  similar  to  tha 
Of  the  filter  for  commercial  environments. 

9 .  Response  to  Transient  Overvoltages 

The  response  to  transient  overvoltages  of 
various  low-pass  filters  for  use  on  the  mains  was 
tested,  using  the  schematic  diagrams  shewn  i.n  Fig.  3 
The  overvoltages  ware  supplied  by  a  Keytek  model  R2U 
surge  generator.  The  response  was  monitored  by  a 
Tektronix  model  7612D  digitizer  with  two  7 A 1 3 
amplifiers  with  differential  Inputs.  The  voltage 
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Fig.  7.  Frequency  response  of  the  filter  for  medical 
environments. 
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Fig.  8.  Schematic  for  exposure  to  transient 
overvoltages. 


across  the  Input  port  of  the  filter  was  measured  with 
a  pair  of  Tektronix  P 60 1 5  probes;  model  P6009  probes 
were  used  to  measure  the  voltage  across  the  output 
port.  Use  of  a  pair  of  probes  and  a  true 
differential  amplifier  eliminates  errors  owing  to 
changes  ir.  ground  potential  during  the  application  of 
the  overvoltage.  The  probes  were  prc  perly 
compensated  In  the  usual  way.  Then  the  ccason-mod# 
rejection  ratio  was  maximized  by  adjusting  the 
compensation  of  the  reference  probe  (the  one 
connected  to  the  Inverting  Input  of. the  amplifier)  to 
give  the  minimum  differential  signal  when  both  probes 
were  connected  simultaneously  to  the  v.me  output  of  a 
rectangular  puloe  generator. 

The  two  cables  for  the  P6015  probes  were  twisted 
together  and  secured  with  plastic  spiral  wrap.  This 
reduces  the  amount  of  error  voltage  Induced  on  the 
cables  by  rapidly  changing  magnetic  fields  during 
surge  testing.  The  two  P6O09  probes  had  their  cables 
twisted  together  and  secured  In  the  same  way. 

*11  surge  testing  was  done  with  a  0.5  us-iOO  kHz 
ring  wave,  which  Is  defined  In  ANSI  CS2. 91  - 1 980. 

The  filter  under  test  was  connected  to  the  1 20  V 
nms,  50  Hz  mains  through  a  back-filter.  The  Internal 
Cack-rilter  in  tr.e  Keytek  model  PN281  programmer 
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Fig.  -9.  '  kV  open-elrcult  common -mode  ringwave 

applied  to  medical  filter, 


network  was  used.  Additional  protective  devices 
(metal-oxide  varistors  and  low-pass  filters)  were 
placed  upstream  from  this  back-filter  for  Increased 
assurance  that  equipment  elsewhere  In  the  building 
would  not  be  damaged  or  upset  by  this  testing. 

3ecause  the  filter  Is  designed  to  be  connected  to  the 
mains  during  normal  use,  it  is  Important  to  test  it 
when  energized  by  tr.e  meins  voltage.  £ 

In  order  to  observe  a  worst-case  condition,  no 
load  was  used  during  these  tests.  While  this  Is  rfot 
the  typical  way  to  use  a  filter,  It  does  present  4 
worst -case.  A  low-pass  filter  Is  built  with  a  large 
series  Impedance  and  a  small  shunt  Impedance.  Use  or 
any  capacitive  load  at  the  output  port  will  decrease 
the  shunt  Impedance  and  Increase  the  attenuation. 

’Jse  of  a  purely  resistive  load  Is  likely  to  damp  any 
resonances. 

The  major  concern  during  the  design  of  the 
low-pass  filter  for  use  In  medloal  environments  was 
whether  the  filter  would  provide  adequate  attenuation 
of  the  remnant  that  travels  downstream  from  the  spark 
gaps  and  varistors  VI  and  V2  In  Fig.  9.  The 
worst-case  for  passage  of  a  remnant  occurs  when  the 
voltage  across  the  Input  port  has  a  slow  rate  of 
rise,  so  that  the  spark  gaps  are  relatively  slow  to 
conduct  and  the  remnant  has  a  relatively  long 
duration.  The  worst-case  oan  be  worsened  further  by 
applying  a  common-mode  transient  overvoltage,  since 
the  attenuation  of  the  filter  Is  markedly  less  for 
common-mode  signals  owing  to  limits  on  the  maximum 
line-to-ground  capacitance. 

Fig.  9  shows  the  common-mode  voltages  across  the 
input  and  output  ports  of  the  filter  for  medical 
environments.  The  surge  generator  was  set  to  provide 
a  peak  open-elroult  voltage  of  about  1  kV.  The 
voltage  at  the  left  edge  of  Fig.  91s  about  170  V, 
the  peak  of  the  mains  voltage.  The  surge  Is  applied 
and  the  voltage  across  the  input  port  increases  at  an 
average  rate  of  1.9  kV/us.  At  least  one  of  the  gaps 
conducted  when  the  voltage  across  It  and  its  series 
varistor  was  575  V.  The  voltage  across  the  Input 
port  decreases  abruptly  to  about  220  V  and  behaves  In 
a  very  noisy  manner.  The  times  of  the  peaks  In  this 
noise  were  reproduolble  from  one  test  to  another,  so 
they  probably  arise  from  reflections  from  the  various 
protective  devices  upstream  from  the  back-filter  and 
from  nodes  Inside  the  filter  under  test.  The  peak 
current  from  the  surge  generator,  measured  by  an 
ammeter  inside  the  surge  generator,  was  19  A.  This 
was  a  very  mild  stress. 

The  voltage  across  the  output  port  of  the  filter 
Is  ouch  smoother  and  of  a  generally  smaller  amplitude 
than  the  voltage  Across  the  Input  pert.  At  the  left 
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Tig.  10.  6  kV  optm-olrcuili  common-mode  ring  wav# 
applied  to  medical  filter. 


fig.  12. 


6  kV  open-dtreult  dlfferentlal-sode 
w#v#  applies  to  medical  filter, 


ring 


Fig.  1 1.  1,5  <v  open-c ireu it  differential-mode  ring 

wave  applied  to  medical  filter. 


9dge  of  Fig.  9,  tr.e  voltages  across  the  Input  and 
output  ports  have  the  same  value,  as  would  be 
expected,  since  there  Is  negligible  loss  in  the 
filter  at  the  frequency  or  the  ao  mains.  When  the 
gap(s)  sparked  over,  the  voltage  across  the  output 
port  had  an  oscillation  with  a  peak-to-peak  value  of 
about  50  V.  This  oscillation  may  be  due  to  radiated 
electromagnetic  noise  from  the  large  value  of  dl/dt 
In  the  spark  gap(s).  Neglecting  these  osculations, 
the  initial  rate  of  change  of  tr.e  voltage  across  the 
output  port  was  about  0.08  kV/ps,  about  uj  of  that 
across  the  Input  port.  The  voltage  across  the  output 
port  Is  groater  than  that  across  the  Input  port  at 
times  .'.ear  a  and  8  us.  There  Is  no  common-mode 
voltage  clamping  at  the  output  or  this  filter,  » 
such  an  outcome  Is  possible. 

Fig.  '0  shows  a  larger  common-soda  overstress 
test  of  the  same  filter.  The  surge  generator  was 
adjusted  to  give  a  peak  open-circuit  voltage  or  about 
5  kV.  The  digitizing  rate  was  slowed  to  capture  the 
entire  ring  wave.  The  greater  Initial  value  of  dV/dt 
across  the  input  port  caused  the  spark  gap(s)  to 
conduct  at  a  lower  voltage  than  In  the  test  shown  In 
Fig.  9-  This  Is  to  be  expected:  It  is  well  known 
that  spark  gaps  conduct  more  quickly  when  |  dV/dt  |  Is 
greater.  The  peak  current  drawn  from  tne  surge 
generator  was  (So  A.  The  common-mode  voltage  across 
the  output  port  is  clamped  at  9C0  V  In  this  test. 


fig.  11  shows  a  mild  differential-code  ring  wave 
test.  The  surge  generator  uas  adjusted  to  give  a 
peak  open-circuit  voltage  of  about  ’.5  kV.  The  peax 
voltage  across  the  input  port,  about  '  .  '  kV,  Is 
greater  than  that  In  Fig.  9  because  the  two  spy* 
gaps  artd  variators  VI  and  V2  were  In  aeries  wltti  the 
surge  generator,  unlike  the  common-mode  test  lr{ 
fig.  9.  The  value  of  dV/dt  across  the  Input  part 
prior  to  sparkover  waa  .-bout  2.9  kV/us.  The  pebk 
current  drawn  from  the  aurge  generator  waa  16  A;  this 
was  a  mild  stress.  The  voltage  across  the  output 
port  la  such  smoother  than  the  voltage  across  the 
Input  port.  Since  the  attenuation  of 
differential-mode  signals  is  greater  than  the 
attenuetlon  of  Common-mode  signals  for  this  filter, 

It  Is  not  surprising  that  the  voltage  across  the 
output  port  Is  anoother  In  Fig.  11  than  In  Fig.  9. 

fig.  12  shows  a  greater  differential-mode 
overstrsss  test  of  the  same  filter.  The  surge 
generator  was  adjusted  to  give  a  peak  open-circuit 
voltrge  of  about  6  XV.  The  digitizing  rate  was 
slowed  to  capture  the  entire  ring  wave.  The  peak 
current  drawn  from  the  surge  generator  was  l6«  A. 

The  differential-mode  voltage  across  the  output  port 
Is  clamped  at  360  V  In  this  test. 

_  Further  tests  were  planned  with  (1)  this 
overvoltage-proteotsd  filter  for  a  medical 
environment ,  (2)  an  "off-the-shelf"  low-pasa  filter 
module  that  has  no  overvoltage  protection,  and  (3) 
the  overvoltage-protected  filter  for  commercial 
environments  that  was  described  In  Fig.  3.  The 
nonproteoted  filter  waa  tested  neat  with  the  same 
experimental  arrangement  that  was  descried  above,  a 
differential-mode  ring  wp.'e  with  an  open  circuit 
voltage  of  6  kV  produced  Insulation  breakdown  In  the 
llne-to-neutral  capacitor  Inside  the  fUter.  Enough 
energy  and  voltage  reached  the  output  port  of  this 
filter  to  damage  the  amplifier  in  the  digitizer.  The 
amplifier  could  not  be  repaired  in  time  to  preparr 
additional  figures  for  this  paper.  This  unfortunate 
result  does  show  that  Including  overvoltage 
protection  in  filters  can  reduce  the  incidence  of 
damage  to  sensitive  electronic  circuits! 

VI.  CONCLUSIONS 

Many  kinds  or  devices  have  been  recommended  by 
engineers  to  protect  vulnereble  equipment  from 
disturbances  on  the  mains,  Including  noise  and 
high-voltage  transients.  These  devices  Include 
isolation  transformers,  line  conditioners,  ac  voltage 
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regulator  3,  and  ao  tor  generator  rat  a  [  1 2 D «  These 
devices  art  expansive ;  a  unit  that  19  rated  for 
service  at  120  v  r*s,  500  VA  easts  at  least  $400.  In 
many  applications  regulation  of  the  ae  asms  voltage 
is  no  longer  critical.  for  example,  many  switching 
power  supplies  tnat  are  Intended  for  use  on  nominal 
120  V  rms  aains  will  operate  reliably  with  any  input 
voltage  between  80  and  1 30  V  ras,  Ceaaon  deaktop 
computer  systems  use  switching  power  supplies  and  do 
not  require  a  regulated  ac  aains  voltage.  When  ao 
voltage  regulation  la  not  needed,  a  low  -pa  os  filter 
that  includes  protedtlon  fpoa  transient  overvoltagee 
aay  be  an  acceptable  substitute  for  sore  expensive 
devices  such  as  line  conditioners.  When  isolation  at 
do  and  the  frequency  of  the  aains  is  not  required, 
the  common-mode  choke  in  a  low-pass  filter  aay  be  an 
acceptable  substitute  for  noise  reduction  by 
isolation  transforasra.  Providing  critical  leads, 
such  as  computer  systeae,  with  protection  froa 
transient  overvoltages  and  noise  would  be  expected  to 
reduce  the  upset  and  dasege  rate  for  the  systems. 
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ABSTRACT 


We  leport  the  development,  design,  and  performance  of  an  overvoltage 
protective  circuit  that  has  a  signal  bandwidth  from  dc  to  200  MHz,  is 
matched  to  the  impedance  of  a  50  Q  transmission  line  in  order  to  avoid 
reflections  during  normal  operation,  and  clamps  the  voltage  across  the 
protected  port  to  less  chan  16  V  during  a  surge  with  a  8/20  ps  waveshape  and 
a  peak  current  of  3  kA.  This  overvoltage  protective  circuit  has 
applications  in  protecting  high-speed  computer  local  area  networks  (LAN) , 
the  antenna  Input  port  of  radio  receivers,  and  inputs  of  oscilloscope 
vertical  amplifiers. 
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INTRODUCTION 

An  important  problem  in  the  design  of  overvoltage  protection  has  been 
to  protect  computer  local  area  networks  (LANs)  from  damage  by  lightning. 
Common  LANs  transmit  rectangular  pulses  at  a  rate  of  the  order  of  10^  pulses 
per  second.  A  bandwidth  of  at  least  50  MHz,  and  preferably  100  MHz,  is 
desirable  for  circuits  connected  to  LANs.  Another  important  problem  is 
protection  of  military  radio  receivers  from  damage  by  either  the 
electromagnetic  pulse  produced  by  detonation  of  nuclear  weapons  or  by  high- 
power  microwave  weapons,  A  third  application  would  be  protection  of  inputs 
of  wideband  vertical  amplifiers  in  oscilloscopes. 

A  review  of  the  previously  reported  ways  to  protect  electronic 
equipment  from  damage  by  surges  on  data  and  signal  lines,  vith  concentration 
on  the  properties  of  these  protective  circuits  at  high  frequencies,  shows 
that  there  are  fjw  acceptable  devices  for  a  broadband  overvoltage  protection 
circuit  (Standler,  1989).  Spark  gaps  and  silicon  avalanche  diodes  are  well- 
known  as  components  that  are  useful  to  protect  electronic  systems  from 
damage  by  transient  overvoltages.  However,  each  of  these  components  have 
disadvantages  that  may  make  it  unsuitable  when  used  alone  to  protect  modern 
integrated  circuits.  Spark  gaps  require  a  time  between  10’ '  and  10’3  s  to 
conduct,  depending  on  the  rate -of  -  change  of  the  voltage  across  them.  Prior 
to  conduction  the  full  overvoltage,  which  can  have  a  peak  value  in  excess  of 
1  kV,  can  propagate  downstream  past  the  spark  gap.  This  large  remnant  can 
damage  vulnerable  semiconductors.  Avalanche  diodes  alone  can  be  damaged  by 
relatively  small  surge  currents  (e.g.,  500  A  for  an  8/20  ps  waveform),  but 
have  fast  response.  In  order  to  survive  large  surge  currents,  the  cross- 
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sectional  area  of  the  diode  oust  be  large  in  order  to  reduce  the  current 
density.  The  large  area  makes  the  parasitic  capacitance  large.  The  large 
parasitic  capacitance  of  avalanche  diodes  makes  them  unsuitable  when  used 
alone  for  a  broadband  protection  circuit. 


HYBRID  CIRCUIT 


Bodle  and  Hayes  (1957)  first  described  the  combination  of  a  spark  gap 
and  avalanche  diode  in  the  so-called  "hybrid"  circuit  shown  in  Fig.  1,  The 
highly  nonlinear  V-I  characteristic  of  the  avalanche  diode  can  provide  tight 
clamping  of  the  voltage  across  the  protected  port.  When  a  large  current 
surge  current  passes  through  the  series  impedance,  R  +  JwL,  and  the 
avalanche  diode,  a  large  voltage  appears  across  the  spark  gap.  This  large 
voltage  causes  the  gas  in  the  spark  gap  to  ionize  and  the  spark  gap  shunts 
current  away  from  the  avalanche  diode.  In  this  circuit  the  avalanche  diode 
protects  the  devices  downstream,  while  the  series  impedance  and  the  spark 
gap  protect  the  avalanche  diode  (Standler,  1989).  Some  implementations  of 
this  circuit  omit  either  the  resistance  or  the  inductance  (but  not  both)  in 
order  to  reduce  cost  or  space. 

Typical  values  of  resistance,  R,  range  between  about  3  and  22  G.  When 
inductance  is  used  alone,  typical  values  of  L  are  of  the  order  of  30  pH. 

The  series  impedance  forms  a  low-pass  filter  with  the  parasitic 
capacitance  of  the  avalanche  diode,  A  typical  value  of  the  parasitic 
capacitance  of  a  6.8  V  avalanche  diode  that  is  designed  for  conduction  of 
surge  currents  is  10  nF.  The  combination  of  a  10  Q  series  resistance  and  a 


10  rvF  shunt  capacitance  makes  a  low-pass  filter  with  a  comer  frequency  of 
about  1.6  MHa.  In  addition  to  the  attenuation  of  high-frequencies,  the 
circuit  of  Fig.  1  is  a  poor  match  to  the  characteristic  impedance  of  a 
transmission  line  so  that  reflections  will  be  produced.  This  circuit  is  not 
suitable  for  protecting  circuits  that  must  routinely  carry  high-frequency 
s Ignals . 

MATCHED  CIRCUIT 

Fig.  2  shows  a  circuit  described  by  Schlicke  (1974)  that  uses  the 
parasitic  capacitance  of  a  metal-oxide  varistor,  C,  and  a  series  Inductor, 

L,  to  build  a  single  lumped- element  approximation  of  a  transmission  line 
that  has  a  characteristic  impedance  ZQ.  The  protective  circuit  is  matched 
to  the  impedance  of  the  transmission  line  when  Eqn.  1  is  satisfied. 

ZQ  -  7L/C  (1) 

This  matching  would  seem  to  eliminate  reflections  from  an  impedance 
discontinuity  at  the  transmission  line- -protective  circuit  interface. 
However,  the  circuit  in  Fig.  2  does  little  to  extend  the  bandwidth  of  the 
system.  If  C  is  10  nF,  then  L  must  be  25  pH  to  provide  a  match  to  a  50  Q 
transmission  line.  This  combination  of  L  and  C  makes  a  low-pass  filter  with 
a  corner  frequency  of  0.6  MHz  and  a  slope  in  the  stop-band  of  -12  dB/octave 
(instead  of  the  -6  dB/octave  slope  of  a  single  RC  low-pass  filter).  The 
circuit  of  Fig.  2  may  provide  more  attenuation  at  high  frequencies  than  the 
circuit  in  Fig.  1.  Both  circuits  are  undesirable  in  applications  that 
require  wide  bandwidth. 
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DESIGN  AND  CONSTRUCTION  OF  CUR  CIRCUIT 

V?a  report  here  the  development,  design,  and  performance  of  a  modified 
hybrid  protective  circuit  that  has  a  signal  bandwidth  from  dc  to  nearly  200 
KHz  and  can  easily  survive  surge  currents  with  an  8/20  ps  waveshape  and  a 
peak  value  as  large  as  3  kA.  The  schematic  diagram  of  this  protective 
circuit  is  shown  in  Fig.  3.  After  a  search  of  semiconductor  catalogues, 
computer-aided  design,  building,  and  testing  several  prototypes,  the  parts 
in  Table  1  were  chosen  for  a  wideband  protective  circuit  matched  to  a  50  Q 
transmission  line. 

The  spark  gap,  series  impedance,  and  diode  follows  the  traditional 
design  shown  in  Fig.  1.  The  final  inductor-capacitor  section  in  Fig,  3  uses 
an  inductor  and  parasitic  capacitance  of  nonlinear  shunt  elements  in  a  way 
similar  to  the  circuit  shown  in  Fig.  2.  The  rectifier  diode  D2  in  Fig.  3  is 
included  to  reduce  the  shunt  parasitic  capacitance  provided  by  D^  in  order 
to  extend  the  bandwidth  (Popp,  1968;  Clark  and  Winters,  1973).  In  addition 
to  having  a  small  capacitance,  rectifier  diodes  Dj  and  must  have  a  small 
forward  voltage  drop  at  high  surge  currents  and  fast  turn-on  time.  Since  D2 
prevents  from  conducting  during  negative  polarity,  the  rectifier  diode  D3 
is  included  to  provide  clamping  of  the  output  port  during  negative  polarity 
surges . 

The  series  inductance  is  determined  by  Eq .  1  in  order  to  match  the 
impedance  of  the  transmission  line,  To  match  the  network  to  a 
characteristic  impedance  of  Zp  -  50  U,  the  value  of  Lj  would  have  to  be  50 
nH  for  a  total  diode  capacitance  of  20  pF.  In  Fig.  3,  the  total  value  of 


impedance  +  Lj  +  L3)  between  the  spark  gap  and  is  too  small  to 

provide  proper  coordination  during  surges  with  durations  of  at  least  tens  of 
microseconds  (e.g.,  8/20  ps  wave  shape).  Therefore,  it  was  necessary  to 
insert  a  small  resistance,  R,  to  limit  the  current  in  the  avalAnehe  diodes 
and  cause  che  spark  gap  to  conduct  during  surges . 

In  order  to  improve  che  natch  between  the  protection  circuit  and  the 
transmission  line  a  cascade  of  two  passive  inductor-capacitor  sections, 

L^/C^  and  L2/C2 ,  were  inserted  as  shown  in  Fig.  3  and  as  suggested  by  Carver 
(1976)  . 

Since  the  protection  module  is  to  be  used  to  pass  VHF  frequencies,  the 
components  must  have  good  high  frequency  characteristics .  For  example, 
ferrite -core  inductors  would  be  too  lossy,  so  air-core  inductors  were  used. 
The  air-core  inductors  were  formed  by  winding  copper  wire  with  a  diameter  of 
0.5  mm  and  plastic  insulation  into  a  single-layer  coil  of  a  few  closely- 
spaced  turns  with  an  inside  diameter  of  2.5  tnm.  The  single-layer 
construction  reduces  the  parasitic  shunt  capacitance  and  raises  the  self- 
resonant  frequency  of  the  inductor. 

Our  prototype  circuit  used  devices  in  conventional  packages,  rather 
than  surface  mount  devices.  Initially  we  were  concerned  that  the  diodes 
should  have  a  large  surge  current  rating  and  that  and  C2  should  have  a 
large  voltage  rating.  We  were  not  able  to  obtain  such  components  in  surface 
mount  packages. 

Magnetic  fields  from  the  surge  current  upstream  from  and  inside  the 
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spark  gap  can  Induce  undesirable  voltage  across  the  protected  port  by 
coupling  into  loop  area  downstream  from  the  gap  (Ter  Haaeborg  and  Trinks, 
1984;  Standler,  1989).  By  placing  the  spark  gap  in  a  coaxial  mounting  in  a 
separate  package  upstream  from  the  remainder  of  the  circuit  shown,  in  Fig.  3, 
we  avoided  the  adverse  effects  of  the  radiated  magnetic  field  from  spark  gap 
currents . 

As  with  any  high-frequency  circuit,  component  placement  is  critical. 

The  inductors  ,  L2,  L3  had  a  common  axis  to  mimic  a  continuous 
transmission  line. 


rf  model  for  the  diodes 

We  determined  the  component  values  for  the  circuit  in  Fig.  3  to 
maximize  the  bandwidth  and  minimize  the  VSVR  of  the  circuit  in  the  passband. 
To  do  the  design,  it  is  necessary  to  have  a  model  of  the  diode  network, 
including  parasitic  elements,  that  is  valid  at  radio  frequencies. 

Diodes  D^,  D2,  and  (connected  as  shown  in  Fig.  3)  have  a  complex 
impedance  that  is  mostly  capacitive  at  frequencies  below  40  MHz,  with  a 
small  resistive  part.  The  parasitic  inductance  and  capacitance  of  the 
diodes  provides  a  self -  resonant  frequency  of  the  order  of  500  MHz.  At 
frequencies  higher  than  the  self-resonant  frequency,  the  diodes'  lead  and 
package  inductance  dominates  and  the  impedance  is  all  inductive. 

To  develop  an  appropriate  diode  model  at  VUF  and  UHF  frequencies,  a 
diode  network  consisting  of  D^,  D2,  and  Dj  were  connected  to  a  Hewlett 


Packard  model  8510A  Network  analyzer.  The  lead  lengths  were  kept  as  short 
as  possible  in  order  to  minimize  the  parasitic  inductance  and  thus  increase 
the  self-resonant  frequency.  Short  leads  also  minimize  the  inductive 
voltage  rise  that  occurs  for  large  values  of  di/dt  of  transient 
overstresses.  The  iced  lengths  were  only  long  enough  to  allow  the  diodes  to 
be  soldered  to  the  circuit  card.  The  diodes'  scattering  parameters  were 
measured  from  45  MHz  to  1000  MHz.  A  sinusoidal  signal  with  an  amplitude  of 
0.4  V  across  D-j  and  a  dc  bias  of  +2  V  were  chosen  to  insure  that  the  diode 
network  was  not  forward  biased  for  either  polarity  of  input  signal. 
Measurement  of  the  scattering  parameters  revealed  the  frequencies  at  which 
the  diode  network  had  series  and  parallel  self - resonances .  A  series 
resonance  occurs  at  about  460  MHz  and  a  parallel  resonance  at  780  MHz,  The 
value  for  the  parasitic  inductance  of  the  network  of  all  three  diodes  is 
approximately  6  nH. 

A  better  approach  in  determining  the  parasitic  diode  elements  was 
accomplished  with  the  aid  of  microwave  CAD  software.  Touchstone,  a 
microwave  CAD  program  from  the  EESOF  company,  was  used  to  generate  the  "best 
fit”  parasitic  elements  by  comparing  the  model's  s - parameters  to  those 
obtained  from  measurement.  The  element  values  are  then  iteratively  found 


from  the  s -parameters . 
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small-signal  rf  performance 

Depending  on  the  particular  application,  the  bandwidth  and  input  VSWR 
of  the  protection  network  can  vary.  For  applications  involving  small 
signals  with  a  voltage  between  -0.5  and  +0.5  V,  the  measured  passband  of  the 
protection  network  extends  from  dc  to  198  MHz  in  a  50  0  system.  The 
insertion  loss  is  0.5  dB  at  100  KHz  and  the  VSWR  at  port  1  is  less  than  1.5 
from  dc  to  160  MHz. 

The  3  0  resistor,  R.  contributes  0.25  dB  of  insertion  loss  throughout 
the  passband.  If  this  loss  is  objectionable,  then  a  small  capacitance  could 
be  placed  in  shunt  with  R. 

For  applications  involving  larger  signals,  the  diodes  exhibit  slightly 
different  characteristics .  Under  different  dc  bias,  the  diodes'  capacitance 
varies  and  the  fixed  parameters  in  the  design  model  are  not  valid.  In  order 
to  characterize  the  performance  of  the  circuit  as  a  function  of  bias 
voltage,  a  series  of  measurements  were  made  with  a  Hewlett-Packard  Model 
8510A  network  analyzer.  We  used  a  sinusoidal  signal  with  an  amplitude  of 
0.4  V  across  and  a  dc  bias  of  2,  3,  and  4  V.  The  forward  transmission, 
VSWR  at  each  port,  and  phase  response,  all  as  a  function  of  frequency  and  dc 
bias  voltage,  are  shown  ir,  Figs.  4- -7. 

As  shown  in  Fig.  4,  the  bandwidth  decreases  as  the  bi.as  voltage 
increases.  With  a  +4  V  bias,  the  bandwidth  is  131  MHz,  about  66%  of  the 
bandwidth  at  zero  bias. 


ft. 
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M  shown  in  Fig.  5,  the  frequency  at  which  the  VSVR  at  port  1  is  1.5  is 
about  158  KHz  for  bias  voltage  of  0.  2,  or  3  V.  However,  the  VSUR  at  port  1 
is  less  than  1.5  for  frequencies  less  than  66  KHz  when  the  bias  voltage  is  4 
V.  Hie  VSVR  at  port  2,  which  is  sho'wn  in  Fig.  6,  is  slightly  larger  than  at 
port  1. 

As  shown  in  Fig,  7,  the  phase  response  is  approximately  independent  of 
bias  voltage  between  0  and  4  V.  The  phase  response  shows  the  self-resonant 
frequency  of  the  protection  circuit. 

The  protection  circuit  may  also  be  useful  as  a  low-pass  filter,  for 
example  to  prevent  aliasing  by  an  analog- to -digital  converter  and  to  prevent 
upset  of  systems  connected  to  port  2  by  noise  or  the  remnant  of  a  transient 
overvoltage.  Measurement  of  S2]_  shows  that  the  transmission  is  less  than 
-32  dB  for  frequencies  between  400  KHz  and  1  GHz,  with  a  dc  bias  of  0,  2,  3, 
or  4  V. 


It  would  be  highly  beneficial  if  the  protection  module  could  perform 
equally  well  in  the  reverse  transmission  mode;  when  a  signal  is  transit  d 
from  the  protected  port  (port  2)  to  port  1.  A  bidirectional  network  i.  wall 
suited  for  digital  data  line  transmission  and  reception  such  as  those  found 
in  local  computer  network  links  or  other  bidirectional  data  buses.  When 
this  circuit  is  used  in  the  reverse  transmission  mode,  both  the  bandwidth 
and  the  phase  response  remain  unchanged.  However,  the  reflection 
coefficient  at  port  2  is  not  the  same  as  that  of  port  1.  The  transmitting 
source  sees  a  slightly  different  irr.pedar.ee  and  so  the  VSVR  is  altered 
slightly.  To  cake  the  optimal  bidirectional  circuit,  the  circuit  should  be 
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symmetrical :  the  protection  diodes  should  be  placed  In  the  middle  section  of 
the  filter,  as  shown  In  Fig.  8,  rather  than  at  the  end. 

Use  of  surface  mount  diodes  would  reduce  the  parasitic  inductance  in 
those  devices  and  improve  the  rf  performance  of  the  circuit.  We  expect  that 
coating  the  interior  of  the  shielded  box  that  contained  the  circuit  with  a 
compound  that  absorbs  electromagnetic  radiation  would  improve  the  rf 
performance  of  the  circuit,  because  removing  the  metal  box  increased  the 
attenuation  ibove  400  MHz  by  about  10  dB . 

This  circuit  was  originally  designed  for  protection  of  computer  local 
area  networks  that  have  a  signal  level  between  0  and  5  V.  The  input  of  a 
radio  receiver  would  have  a  smaller  range  of  signal  levels,  so  diode 
would  not  be  necessary  for  that  application.  There  are  many  variations  on 
the  circuit  in  Fig.  3  that  would  be  appropriate  for  different  applications. 

Surge  Per f ormancn ;  large  currents 

To  determine  the  clamping  voltage  across  the  protected  port,  a  number 
of  di*'  one  tests  were  performed  with  surge  currents  applied  to  port  1. 

The  tt  .  .  schematic  is  shown  in  Fig.  9. 

Surges  with  a  short-circuit  current  waveshape  of  3/20  ps  were  generated 
by  either  a  Keytek  model  424/PN  242  generator  or  a  Haefely  model  PC-6-288 
generator.  The  Keytek  was  used  for  peak  currents  between  50  and  500  A;  the 
Haefely  for  currents  between  0.5  and  3  kA.  The  current  In  port  1  was 
measured  with  an  Ion  Physics  model  CM-10-L  current  transformer.  The  voltage 
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across  th«  protected  port  was  measured  with  Tektronix  P6009  probes  The 
data  were  recorded  with  a  Tektronix  model  7612D  programmable  digitizer  with 
two  7A13  amplifiers.  The  digitizer  samples  both  channels  simultaneously  at 
a  maximum  rate  of  5ne  sample  per  5  ns.  The  digitizer  was  typically 
programmed  to  record  128  samples  prior  to  the  trigger  event  and  1920  samples 
after  the  trigger  event. 

Fig.  10  is  a  plot  of  the  output  port  voltage  and  input  port  current  vs. 
time.  The  applied  input  surge  is  the  8/20  ps  current  waveform  with  a  peak 
at  +535  A.  The  first  2.4  ps  cf  the  surge  illustrates  clamping  of  the  diode 
array  alone.  When  the  input  current  reaches  86  A  there  is  258  V  across  the 
3  Q  series  current  limiting  resistor,  R,  and  there  is  enough  potential 
difference  across  the  the  spark  gap  to  cause  the  spark  gap  to  conduct.  When 
the  spark  gap  conducts,  the  surge  current  increases  suddenly  because  the 
surge  generator  "sees"  a  lower  impedance.  The  output  voltage  across  the 
protected  port  is  clamped  to  +11.3  V  prior  to  the  conduction  of  the  spark 
gap.  After  the  gap  conducts  and  shunts  current  away  from  the  diodes,  the 
voltage  across  the  protected  port  tails  to  about  8  V. 

The  circuit  was  also  tested  with  an  3/20  ps  waveform  with  a  peak  .'urge 
current  of  +3  kA.  The  maximum  output  voltage  across  the  protected  port  was 
15.9  V.  The  spark  gap  conducted  0.32  ps  after  the  surge  began.  When  the 
spark  gap  conducted  the  output  voltage  at  the  protected  port  decreased  to 
about  8  V.  The  protection  circuit  survived  repeated  exposures  to  an  8/20  ps 
waveform  with  a  peak  current  of  3  kA  without  detectable  degradation  of 
either  the  rf  performance  or  the  clamping  voltage, 


Surge  testing:  blind  spot 


Because  the  diodes  are  the  most  vulnerab1?  components  In  the  circuit, 
it  is  critical  to  test  the  circuit  with  the  maximum  stress  that  the  diode 
network  can  tolerate  without  the  spark  gap  conducting,  die  so-called  "blind 
spot",  To  determine  the  blind  spot  for  a  given  surge  waveform,  a  series  of 
surge  tests  are  conducted.  If  the  spark  gap  conducts,  the  magnitude  of  the 
input  current  is  reduced  during  the  subsequent  test.  If  the  spark  gap  does 
not  conduct,  the  magnitude  of  the  surge  current  is  increased  during  the 
subsequent  test.  For  an  8/20  ps  waveform,  the  largest  peak  current  that 
would  not  cause  the  spark  gap  to  conduct  was  between  72  and  75  A.  The 
voltage  across  the  output  port  is  clamped  to  +10.4  V  during  the  blind  spot 
tests . 

Surge  currents  of  negative  polarity  were  also  applied  to  the  protection 
network  as  shown  in  Fig.  10.  For  an  8/20  ps  surge  current  with  a  peak  of 
-72  A,  diode  Dj  clamped  the  voltage  at  *3  V,  The  blind  spot  current  range 
was  found  to  be  the  same  as  mentioned  above ,  This  is  reasonable  because 
during  a  surge  of  either  polarity  the  magnitude  of  the  voltage  across  port  2 
is  much  smaller  than  the  peak  voltage  across  port  1.  Thus,  the  spark  gap 
does  not  "see"  a  significant  difference  in  the  magnitude  of  clamping  voltage 
owing  to  conduction  of  Dj  during  negative  current  surges  or  during 


positive  current  surges. 
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Surge  testing:  nanosecond  response 

We  measured  the  speed  o£  response  of  our  circuit  with  the  test 
schematic  shown  in  Fig.  11.  We  used  a  rectangular  surge  voltage  waveform 
from  a  ceil  of  50  0  coaxial  cable  with  a  one-way  propagation  time  of  0.5  ps 
that  was  charged  to  between  0,5  and  1.0  kV  and  discharged  into  the  eircuic 
under  test  through  a  mercury-wetted  relay.  This  generator  had  a  rise  time 
of  0.6  ns.  A  T&M  coaxial  resistor  with  a  value  of  about  0.14  0  was 
installed  so  that  the  current  in  port  1  could  be  measured.  We  observed  the 
voltage  across  the  protected  port  through  a  10X  coaxial  attenuator.  The 
waveforms  were  measured  with  a  Tektronix  model  7104  analog  oscilloscope  with 
a  7A29  vertical  amplifier  and  a  7 B 1 5  time  base.  The  manufacturer's 
specifications  for  these  instruments  give  a  system  rise  time  of  less  than 
0.35  ns.  A  photographic  camera  was  used  to  record  the  CRT  image. 

A  typical  oscillogram  of  the  voltage  across  port  2  as  a  function  of 
time  is  shown  in  Fig.  12.  The  voltage  across  the  protected  port  reaches  a 
peak  of  35  V,  then  decreases  to  a  s teady* s tate  clamping  voltage  of  about  8  V 
less  than  10  ns  after  the  stress  begins.  The  actual  peak  voltage  may  be 
greater  than  that  indicated  in  Fig.  12,  due  to  limiting  by  the  1  GHz 
bandwidth  of  the  oscilloscope. 

The  maximum  voltage  across  the  protected  port  was  observed  (with  a 
sweep  rate  of  2  ns/div  and  a  charging  voltage  of  1  kV)  to  be  62  V,  which  is 
much  greater  than  that  observed  during  stresses  with  8/20  ps  waveform.  Such 
overshoot  is  a  common  feature  of  transient  protection  circuits,  although 
such  overshoot  is  often  not  observed  simply  because  of  inadequate  bandwidth 


in  the  oscilloscope,  digitizer,  or  voltage  divider  and  becAuse  of 
insufficient  value  of  j dV/dt |  in  the  surge  generator. 

It  is  easy  to  understand  why  the  clasping  voltage  is  larger  for  a 
rectangular  pulse  than  fcr  an  8/20  ps  waveform,  The  rectangular  waveform 
used  in  this  test  has  a  value  of  dV/dt  that  is  three  orders  of  magnitude 
greater  than  that  of  the  input  voltage  during  the  8/20  ps  waveform.  The 
8/20  ps  waveform  does  not  have  a  sufficiently  large  value  of  dV/dt  to  allow 
the  response  time  of  the  diode  network  in  our  circuit  to  be  measured. 

There  are  two  causes  for  the  large  clamping  voltage  for  the  first  few 
nanoseconds  of  the  overstress.  A  rectifier  diode  D2  has  a  much  longer 
response  time  than  does  the  reverse-biased  avalanche  diode  (Clark  and 
Winters,  1973).  The  large  packages  of  and  D2  have  a  total  parasitic 
inductance  of  about  10  nH.  This  inductance  prevents  instantaneous 
conduction  of  the  diodes.  We  attempted  to  minimize  the  response  time  of  D2 
by  specifying  an  "ultrafast"  diode  and  connecting  it  with  minimal  lead 
length.  Surface  mount  devices  would  reduce  the  parasitic  inductance,  but  we 
do  not  know  how  to  further  decrease  the  turn-on  time  of  D2 ■ 

For  this  waveform,  the  largest  short-circuit  current  was  only 
1  kV/50  0,  or  20  A.  With  this  small  current  it  was  not  possible  to  observe 
a  change  in  the  voltage  across  the  protected  port  when  the  spark  gap 
conducted.  By  observing  the  voltage  across  port  1,  we  were  able  to 
determine  that  the  spark  gap  conducted  between  7  and  10  ns  after  the 
beginning  of  the  rectangular  pulse. 
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CONCLUSION 

Th®  circuit  shewn  in  Fig.  3  has  a  lower  input  VSWR  and  has  two  orders 
of  magnitude  wider  bandwidth  than  the  traditional  overvoltage  protection 
circuits  that  were  discussed  in  the  introduction,  while  maintaining  surge 
current  handling  capabilities  and  tight  output  clamping.  This  new  circuit 
shows  promise  in  protecting  electronic  systems  that  require  a  large  signal 
bandwidth  from  damage  by  transient  overvoltages. 
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Table  1 

Generic  parts  for  eircuit  in  Fig.  3 


spark  gap: 
R 


D1 


220  V  de  in  coaxial  mount 
3.0  Q,  1  W  carbon  composition 

1N6373  6.8  V  avalanche  diode  (transient  suppressor) 

1NS806  ultrafast-recovery  rectifier  diodes 
27  nH,  air  core 
19  nH.  air  core 


62  nH,  air  core 
10  pF,  mica 
20  pF,  mica 


Fig.  1 

Fig.  2 

Fig.  3 

Fig.  4 

Fig.  5 

Fig.  6 

Fig.  7 
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Figure  Capeionu 

Basic  overvoltage  protection  circuit. 

Overvoltage  protection  circuit  matched  to  impedance  of 
transmission  line,  as  Invented  by  Schlicke.  The  varistor  could  be 
replaced  by  diodes. 

Overvoltage  protection  circuit  designed  by  authors, 

Magnitude  of  forward  transmission,  for  circviit  in  Fig.  3  as  a 

function  of  frequency  for  four  different  dc  bias  Voltages:  0.  , 

3 ,  4  V  across  D3 . 

Voltage  standing»wave  ratio  (VSWR)  at  port  1  for  circuit  in  Fig.  3 
as  a  function  of  frequency  for  four  different  dc  bias  voltages:  0, 
2,  3,  4  V  across  D3. 

VSWR  at  port  2  for  circuit  in  Fig.  3  as  a  function  of  frequency 
for  four  different  dc  bias  voltages:  0,  2,  3,  4  V  across  D3 . 

Phase  of  forward  transmission,  S21.  for  circuit  in  Fig.  3  as  a 
function  of  frequency  for  four  different  dc  bias  voltages:  0 ,  2, 

3' 


3,4V  across  D 
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Fig.  8  SyaBwcricil  circuit  for  optimal  bidirectional  signal  propagation. 

This  may  not  be  a  good  overvoltage  protection  circuit,  because  the 
voltage  is  not  tightly  clamped  across  either  port. 

Fig.  9  Schematic  for  surge  testing  with  8/20  ps  waveform.  True 

differential  amplifiers  were  used  for  both  channels  A  and  B  to 
avoid  errors  owing  to  common* mode  voltages. 


Fig.  10  Output  voltage  across  port  2  and  input  current  into  port  1  as  a 
function  of  time.  The  surge  begins  at  t  -  2 .4  ps ;  the  spark  gap 
conducts  at  t  -  4.8  ps . 

Fig.  11  Schematic  for  determining  the  response  time  with  a  rectangular 
waveform  with  a  rise  time  of  0.6  ns.  All  connections  were  made 
with  coaxial  cable  with  a  characteristic  impedance  of  50  Q.  The 
amplifiers  for  channels  A  and  B  were  Tektronix  model  7a29,  which 
has  a  50  Q  input  impedance,  in  a  model  7104  mainframe.  Only  one 
channel  was  connected  for  each  surge  in  order  t^  avoid  ground 
loeps . 


Fig.  12  Digitized  oscilloscope  trace  from  the  test  schematic  shown  in  Fig. 
11.  The  voltage  across  port  2  is  shown  as  a  function  of  time. 

The  oscilloscope  display  scales  were  5  V/div  and  5  ns/div.  The 
transmission  line  was  charged  to  500  V. 
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CALCULATION  OF  ENERGY  IN  TRANSIENT  OVERVOLTAGES 
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ABSTRACT 

There  have  btan  many  measurement*  of  tha  voltage , 

V < c ) ,  between  tha  hot  conductor  In  tha  mains  and 
ground.  This  paper  oonaidara  tha  calculation  of  tha 
energy  in  a  transient  overvoltage  from  the  tide 
Integral  of  Vz(t)/2,  where  2  has  the  default  valua  of 
50  0.  Such  a  calculation  la  often  used  In  analysis  of 
date  froa  recordings  ->U  transient  overvoltages.  There 
ere  several  objections  to  this  method:  2  is  a  function 
of  frequency  and  possibly  of  voltage,  and  thla 
calculation  does  not  oaaeurs  the  total  energy  in  an 
overvoltage.  A  quantitative  error  analysis  is 
presented  that  uses  sn  srclficlal  sains  network  to 
simulate  a  long  branch  circuit  and  to  give  the 
impedance  of  tha  stains  as  a  function  of  frequency. 

I.  INTRODUCTION 

■Cnowlrdje  of  the  energy  contained  in  transient 
overvoltages,  for  example  on  the  seine,  la  an  Important 
parameter  in  designing  and  Casting  circuits  for 
protection  from  Overvoltages ,  Few  measurements  of 
energy  In  transient  overvoltages  have  been  published. 
However,  there  am  many  measurements  of  transient 
overvoltages  on  the  malne.  Can  one  calculate  Che 
energy  in  an  over.oltege  from  ueeeurements  of  voltage 
alone  by  using  Eq.  1? 

«E  -  !  VZ(t)/2  dt  (1) 

In  Eq.  I,  V(t)  ie  the  seaeurad  voltage  we  a  function  of 
time  and  Z  is  tha  impedance  of  tha  mains.  The 
subscript  E  on  U£  in  Eq.  1  Indicates  that  WE  is  an 
estimate  of  rho  -u.ergy,  to  distinguish  it  from  Che  true 
value  of  the  energy,  U. 

One  manufacturer  of  mains  disturbance  monitoring 
equipment  prl.  ts  the  energy  Chet  is  calculated  from  Eq. 
1  with  the  default  valua  for  Z  of  50  0,  a  real 
constant,  Meissen  [1]  used  Eq.  1  with  Z  -  50  0  to  find 
the  energy  content  of  transient  overvoltages  on  the 
mains.  Goedbloed  (2)  used 

I  V2  dt 

as  a  measure  of  the  energy,  but  properly  stopped  short 
of  specifying  a  value  for  Z.  In  drafts  of  the  revision 
of  ANSI  C62.UI -1980  in  1987,  V,  Rhoades  propogsd  the 
use  of  Eq.  1  with  Z  -  50  Q  to  calculate  energy  from 
measured  voltage  waveforms  It  certainly  would  be 
desirable  if  tha  energy  could  be  calculated  from  these 
measurements  of  voltege. 

There  are  four  general  areas  of  concern  about  the 
validity  of  this  technique: 

1.  tha  Impedance  of  the  mains,  Z.  is  a  function  of 
frequency . 

2.  Z  may  be  a  function  of  voltege  (flashover  of 
insulation,  conduction  of  varistors), 

3.  Wg  doas  not  represent  the  energy  in  the  transient 
overvoltage,  and 

i.  che  relative  location  of  tha  source  of  tha 

overvoltage,  other  loads,  and  the  measurement 
point  are  usually  unknown  during  measurement  of 
V(C). 

Each  of  these  topics  Is  discussed  In  this  paper.  A 
quantitative  error  analysis  of  Che  use  of  Eq  1  is 
presented,  with  Z  -  50  o  and  several  standard 
overvoltage  test  waveforms. 


II.  IMPEDANCE  0E  THE  MAINS 

There  have  been  many  meaeureaente  of  the  impedance 
between  either  the  hoe  or  neutral  conductor  and  the 
grounding  conductor  of  the  low-voltage  malne  [3-6], 
There  are  several  general  conclusions  that  can  be  drawn 
from  these  measurements.  Probably  the  most  important 
la  that  the  impedance  of  the  mains  is  a  function  of 
frequency.  At  frequencies  below  about  20  kHz  the  value 
of  |Z|  la  small,  a.g.  less  than  5  o.  At  moderate 
frequencies,  between  about  20  kHz  and  1  KHz,  the 
impedance  of  the  mains  tends  to  increase  es  frequency 
Increases.  At  high  frequencies,  between  about  1  MHz 
end  20  KHz,  the  Impedance  of  the  mains  tends  to  be 
approximately  independent  of  frequency;  che  magnitude 
of  Z  can  vary  from  about  50  0  to  about  300  o.  The 
value  of  Z  at  high  frequencies  often  contains  a 
substantial  reactive  part,  but  the  value  of  the 
reactive  part  depends  strongly  on  the  loads  that  are 
connected  to  the  mains  and  is  therefore  not 
reproducible  froa  site  to  site. 

Because  the  Impedance  of  the  mains  is  a  strong 
function  of  frequency,  it  would  appear  necessary  to  use 
e  Fourier  transform  to  evaluate  Ug.  One  can  transform 
V(t)  to  V(u),  V(u)  Is  then  divided  by  Z(e>)  to  get  the 
current,  I(a>).  Tha  current  is  than  transformed  back  to 
the  time  domain,  I(t).  Finally  the  value  of 
/  V(t)  If t)  dt 

is  computed.  While  this  la  better  than  using  Eq .  1 
with  a  constant  2,  it  is  still  not  useful  for  practical 
situations.  The  value  of  the  impedance,  Z(u) ,  is 
rarely  known  at  the  site  of  transient  overvoltage 
measurements.  Furthermore,  the  Impedance  of  the  mains 
will  change  with  time  owing  to  connection  and 
disconnection  of  loads  [7,  8 ) . 

Using  Z  -  50  O  is  a  bad  choice  at  frequencies 
below  about  10  kHz,  since  measurements  show  that  the 
actual  impedance  Ls  often  between  about  O.G  and  5  Q. 
Apparently  it  ls  not  widely  appreciated  that  common 
overvoltage  waveforms  have  appreciable  energy  at  low 
frequencies,  The  Fourier  transforms,  \’(u)  ,  of  several 
common  overstress  teat  waveforms  are  shown  in  Fig.  1. 
These  transforms  were  computed  analytically  in  [9|. 

Fig.  1  clearly  shows  that  most  V(o)  have  a  relatively 
large  value  between  dc  end  a  corner  frequency  between 
100  Hz  and  100  kHz. 
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Fig.  1  Frequency  Spectra  of  five  common  overstress 
test  waveforms.  The  0  dB  reference  level  is  1  V  or 
1  A.  The  peak  voltage  is  6  kV  for  boch  the  1.2/50  ms 
and  100  kHz  Ring  Wave,  U  kV  for  the  EFT,  and  0 . 6  kV  for 
the  10/1000  ps  wave,  The  pesK  current  is  3  kA  for  the 
8/20  mx  wave.  Th»  1.2/50  ms  wave  is  shown  as  a  dashed 
line  to  clearly  distinguish  it  from  the  others. 
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III.  Z  NAT  It  A  FUNCTION  Of  VOLT  ACE 

Vhsft  there  are  no  surge  arresters  at  the  point  of 
entry,  lightning  strikes  to  overhead  power  lines  can 
cause  flashovar  of  Insulation  Inside  nearby  buildings. 
Flashovar  of  outlets  on  the  low-voltage  sains  usually 
requires  peak  voltages  of  the  order  of  4  kV  to  6  kV. 

When  flashovar  occurs,  tha  Impedance  "seen"  by  the 
tranalent  overvoltage  will  decrease  to  lest  than  a  few 
ohms.  It  Is  well-known  that  tha  voltage  acroaa  an  are 
la  of  the  ordar  of  20  V  and  la  approximately 
Independent  of  current.  If  a  tranalent  current  of 
100  A  passes  down  tha  line,  the  Impedance  seen  by  the 
transient  Is  20  V/100  A,  or  0,2  0.  This  value  la  much 
less  than  SO  o. 

It  may  be  argued  that  flashovar  of  Insulation  Is 
not  common.  However,  the  large  transient  overvoltages 
that  are  associated  with  flaahovera  may  ba  associated 
with  unusually  large  energy  transfers  from  the  source. 

Modem  electronic  systems  may  have  one  or  more 
metal  oxide  varistors  In  them  to  limit  the  voltage 
during  transient  overvoltages.  These  varistors  may  be 
In  boxes  or  outlet  strips  that  are  Installed 
specifically  for  protection  against  overvoltages,  or 
they  may  be  hidden  Inside  the  chassis  of  electronic 
equipment  (Indeed,  this  Is  good  engineering  practice). 
«hqn  the  vertstor  conducts  a  current  of  more  than 
10*  A,  the  effective  value  of  Z  at  the  verlitcr  will  be 
reduced  to  lest  than  5  □.  There  arc  two  consequences 
of  this:  (11  calculations  of  U£  will  ssrlously 
underestimate  the  value  of  the  energy  In  the  varistor, 
and  (2)  few,  If  any,  overvoltages  will  he  observed  chat 
have  a  large  peak  value,  e.g,,  greater  than  500  V.  The 
second  consequence  has  been  discussed  In  [10], 

XV.  ENUICT  IS  tfUAT  1 

Despite  the  problems  discussed  above,  one  might 
menage  to  properly  calculate  the  energy  fro* 
measurements  Of  V(tl  and  2(u) .  One  might  then  ask, 

"Whac  Is  Che  significance  of  this  calculation 

If  V( t)  were  a  voltage  waveform  that  was 
propagating  In  one  direction  on  a  transmission  line 
with  a  characteristic  Impedance  of  Z  -  50  0 ,  then  Wj. 
would  be  the  energy  In  the  traveling  wave  at  the  point 
where  V(t)  was  measured. 

But  this  simple  interpretation  Is  not  realistic. 
Most  overvoltages  have  a  duration  of  at  least  a  few 
tens  of  microseconds.  During  this  time,  the  voltage 
waveform  can  travel  several  kilometers,  which  is  much 
longer  than  the  size  of  most  buildings.  Therefore,  the 
measured  V(t)  will  be  the  sum  of  multiple  waves, 
traveling  In  both  directions,  that  have  been  reflected 
from  discontinuities  in  the  Impedance  of  the 
transmission  11ns,  which  are  caused  by  various 
electrical  loads  on  the  branch  circuits. 

There  does  not  appear  to  be  a  simple  answer  to 
this  questior  about  the  significance  of  Ug. 

Martzloff  and  Gruzs  |11]  briefly  considered  this 
Issue  and  concluded  that  one  could  determine  the  energy 
deposited  In  e  particular  device,  but  Could  not 
determine  the  total  energy  In  the  trenelent 
overvoltage . 

In  a  laboratory  environment  It  ii  poailble  to 
measure  che  total  energy  In  a  transient  overvoltsge, 

The  simplest  way  is  to  ssasurs  the  current  and  voltage 
at  the  tsrmlnala  of  the  source  of  tha  transient 
overvoltage .  However,  this  technique  Is  usually  not 
applicable  In  a  natural  envlronminc  because  (1)  It  Is 
not  possible  to  Identify  the  location  of  the  source  or 


(2)  It  Is  not  possible  to  find  the  conductors  that 
contain  the  entire  surge  current. 

There  la  yet  another  problem  in  calculating  and 
Interpreting  tfg.  In  a  single-phase  three-wire  branch 
circuit,  for  example,  one  may  get  different  results 
from  Eq ,  1  If  V(t)  is  the  voltage  between  che  hot  and 
grounding  conductors  or  if  V(t)  Is  the  voltage  between 
the  hot  and  neutral  conductors.  The  common-mode 
overvoltage  appeara  between  both  the  hot  end  the 
neutral  conductors  and  the  grounding  conductor,  uhile 
the  dlf ferentiel-mode  overvoltage  appears  between  the 
hot  end  neutral  conductors.  It  Is  not  possible  to  find 
the  total  energy  In  an  overvoltage  In  a  three-wire 
circuit  by  measuring  the  potential  difference  between 
just  two  conductors.  One  must  measure  the  potential 
differences  between  two  pairs  of  conductors  to  get  the 
complete  picture,  but  this  is  rarely  done  In  field 
studies  of  transient  overvoltages. 

Should  the  normal  mains  voltage  be  subtracted  from 
the  value  of  V(t)  before  calculating  Uj.?  The  two  ways 
of  calculating  Ug  could  yield  significantly  different 
raaulca.  Consider  the  fictitious  example  where  V(t)  Is 
a  rectangular  pulse  of  100  V  amplitude  with  a  duration 
of  10  pa.  Computation  of  Ug  from  Eq.)  with  Z  -  50  0 
gives  Wg  -  0.05  J.  However,  one  gets  a  different 
result  If  the  mains  voltage  is  subtracted  from  the 
total  voltage  to  get  che  voltage  “In  the  transient." 

If  che  sama  overvoltage  occurs  when  che  instantaneous 
value  of  the  malna  voltage  Is  150  V  and  tha  mains 
voltage  is  subtracted  from  the  total,  then  V(t)  -  350  V 
and  one  gets  tfg  a  0.024  J,  which  Is  about  SOt  smaller. 
One  can  juatlfy  either  method,  but  considering  the 
total  voltage  may  be  preferable  because  that  Is  what 
surge  protective  devices  and  equipment  are  exposed  to. 
As  a  practical  matter  during  measurements,  subtraction 
of  the  normal  mains  voltage  requires  Insertion  of  extra 
circuit  elements  (e.g.,  series  capacitors  In  a  high- 
pass  filter,  operational  amplifiers  In  an  active 
filter)  that  often  Compromise  the  response  of  the 
circuit  above  l  KHz. 

V.  IS  Vg  A  USEFUL  APfROIIKATION  » 

As  stated  In  the  Introduction  of  this  paper,  It 
would  be  desirable  to  be  able  to  estimate  the  energy 
from  existing  measurements  of  voltage  during  surges. 

In  the  following  paragraphs  the  difference  between  , 
fron  Eq .  1.  and  the  true  energy  from  the  source  of  the 
overvoltage  Is  calculated  for  an  example  of  an 
overvoltage  that  propagates  on  one  branch.  An 
artificial  meins  network  Is  used  to  model  the  Impedance 
of  the  branch  circuit.  The  effects  of  three  different 
loads  and  four  different  waveforms  are  also  considered. 
artificial  aalns  network 

In  order  to  make  reproducible  measurements  of 
conducted  emissions  of  noise  from  equipment  connected 
to  the  aalns.  It  Is  necessary  to  have  a  standard  mains 
Impedance.  Such  a  circuit  Is  called  an  "artificial 
mains  network"  or  a  "line  impedance  .'tablllzerlon 
network"  (LISN).  The  official  artificial  mains  network 
specified  In  [ 12 - 14 )  is  shown  in  fig.  2.  In  Fig.  2  the 
hot.  the  grounding,  end  the  neutral  conductors  are 
labeled  H,  G.  and  N,  respectlvaly .  The  Impedance  at 
low  frequencies  Is  modelled  by  resistances  of  5  0  and 
10  Q  between  each  line  and  the  grounding  conductor. 

The  Impedance  at  moderate  frequencies  is  modelled  by 
Inductors  In  series  with  osch  line,  together  with  the 
resistors.  The  constant  impedance  at  high  frequencies 
Is  modelled  by  a  50  O  resistance  shunted  between  each 
line  end  the  grounding  conductor.  One  of  the  50  Q 
resistances  Is  the  impedance  of  a  voltmeter  In  the 
conventional  use  of  the  network  In  Fig.  2.  the  other 
50  0  resistance  is  *  used  to  maintain  the  balance  of 
the  circuit. 
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Fig.  2  Th*  artificial  Sains  network  apecified  In 
r  12 •  1.4  i  for  us#  In  a  testing  laboratory. 


The  network  In  Fig.  2  Is  for  use  In  the  frequency 
bund  between  10  and  150  kHz.  For  calculations.  where 
parasitic  effaces  of  components  ere  unimportant,  the 
network  should  be  acceptable  for  frequencies  up  to 
30  MHz. 


The  capacitors,  shown  in  Fig.  2,  prevent  the 
no  nasi  as  ins  waveform,  which  usually  has  e  frequency  of 
50  Hz  or  60  Hz,  from  diSJtpatlng  appreciable  power  In 
che  shunt  resistances.  These  capacitors  cause  the 
Impedance  of  the  ertlflclel  iseine  network  to  lncrees* 
as  the  frequency  dacreeses  below  7  kHz.  which  Is 
contrary  to  the  actual  behavior  of  the  Impedance  of  the 
mains.  To  use  this  artificial  mains  network  In 
calculations  of  the  Lmpedance  of  th#  mains  at  low 
frequencies,  It  Is  desirable  to  remove  the  cepecltora, 
as  shown  in  Fig.  3. 
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Fig.  3  Artificial  mains  network  for  use  In 
calculations  In  thla  paper. 


A  plot  of  Z  -  |v(u)/I(o)'|  aa  a  function  of 
frequency  for  steady-state  sinusoidal  excitation  la 
shown  In  Fig.  4.  This  plot  should  be  compsred  with 
Fig.  1  to  appreciate  that  Z  is  not  50  0  over  most  of 
the  region  where  overvoltages  have  appreciable  energy. 
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plot  of  jz|  vs.  frequency  of  steady-state 
excitation  for  the  circuit  shown  in  Fig.  3 
A  logarithmic  scale  Is  used  for  frequency. 
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Measurements  [6,  15,  16]  of  the  characteristic 
Impedance  for  propagation  on  the  hot  and  neutral 
conductors  for  three-conductor  ceble  that  is  commonly 
used  in  ilngle-phass  branch**  Inside  buildings  give  a 
value  of  about  100  0  for  propagation  on  the  hot  and 
neutral  conductors.  These  measurements  agree  with  the 
differential-mode  impedance  et  high  frequencies  of  the 
circuit  In  Fig,  3. 

The  netvork  in  Fig.  3  is  only  used  for 
cslculstlans  of  differential-mode  voltages  because  no 
inductsnce  Is  shown  In  th*  grounding  conductor.  In  the 
conventional  us*  of  err  artificial  main*  network  to 
measure  conducted  noise  from  equipment,  Inductance  In 
th*  grounding  conductor  Is  not  necssaary,  since  the 
ground  is  e  aetel  plane  on  a  laboratory  bench. 

&fiUC££i  and  laada 

The  most  favorable  situation  for  comparing  Uj.  to 
the  true  energy  delivered  by  e  transient  overvoltage 
occure  when  the  source  of  the  overvoltage  Is  contiguous 
to  th*  points  where  V(t)  Is  measured.  This  situation 
will  be  discussed  first,  later  a  more  realistic 
situation  will  be  discussed. 

In  the  schematic  of  Fig.  3,  the  source  of  che 
overvoltage  la  represented  by  a  Thevenln  equivalent 
circuit,  where  RQ  is  the  oueput  resistance  of  the 
voltage  source.  Four  different  Standard  overvoltage 

test  waveforms  were  used: 

1.  a  single  puls*  from  the  IEC  801-0  electrical  fast 
translant  (EFT) , 

2.  the  100  kHz  Ring  Uave  defined  In  ANSI  C62.41-1980. 

3.  the  1.2/50  ps  voltage  waveform,  and 

4.  the  10/1000  pa  waveform. 

The  EFT  has  s  duration  of  0.05  ps  and  represents  a 
single  pulse  in  *  showering  are,  such  as  generated  by 
switching  en  inductive  loed  with  moving  switch, 
contacts.  The  100  kHz  Ring  Uave  represents 
overvoltage*  that  are  commonly  observed  on  branch 
circuits  Inside  buildings.  The  1.2/50  ps  waveform  Is 
the  standard  lightning  overstress.  The  10/1000  ps 
waveform  Is  used  to  simulate  overvoltages  chat  have 
long  durations. 

Three  different  loads  were  used  during  the 
calculation* : 

1.  r.o  load  (open  circuit), 

2  .  6  »H  +  40  Q ,  and 

3.  0.2  pF  j  |  200  Q. 

Vines  et  al.  [6]  reported  that  a  3/4  horsepower 
induction  motor  had  en  impedance  of  40  *  188J  0  at 
5  kHz,  which  was  the  Inductive  loed  used  In  these 
calculations.  The  capacitive  load  used  In  these 
calculations  was  an  approximate  characterization  of  a 
small  celovliion  receiver.  ' 

The  error  caused  by  different  values  of  the 
lapedance  of  the  mains  and  a  loed  can  be  estimated  by 
che  following  calculations. 

calculation  error 

The  tru*  energy  transferred  from  th#  source,  V,  is 
calculated  from  Eq.  2,  where  V(t)  Is  the  voltage  across 
the  load  and  I(t)  is  th*  current  through  the  source 
when  th*  artificial  main*  network  end  the  load  are 
connectad. 

U  -  ;  V(t)  1(C)  dt  (2) 

The  estimated  energy,  UE,  19  calculated  with  Eq.  1  and 
Z  -  50  0,  where  V(t)  is  th#  voltage  across  the  load 
when  the  artificial  mains  netvork  and  the  load  are 
connected  as  shown  in  Fig.  3.  The  current  and  voltage 
were  calculated  by  the  circuit  simulation  program 
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Tab la  1 

tru«  and  EatUated  Intr^  in 
differential »»od*  Overvoltage 


Ovarvoltzga  Uavaferi 

arid 

Tr-i*  Inarsy 

Estltaced  Cr.etgy 

Ratio 

Laad  I&ped/itice 

u 

UE 

5/50  na  EFT  vavefora, 

U  kV  peak, 

Ra  *  50  a 

no  load 

2.7  %S 

5.2  aJ 

0.507 

6  aH  *  40 

0 

2.7  bJ 

5.2  aJ 

0.50? 

6-2  MF  | | 

200  a 

41  pj 

30  pJ 

1.36 

0.5  m*100  Wz  r-fig  vavefora,  6 

kV  peak,  Ra  -  12 

w 

no  load 

0.81  j 

1.3  J 

0.606 

6  mH  ♦  40 

0 

0.81  J 

1.3  J 

0.606 

0,2  mF  |  | 

200  a 

0.41  J 

0.46  J 

0.896 

1.2/50  u* 

wave for* ,  6 

kV  peak,  R 

■9  -  3  0 

no  load 

°  82.3  J 

14.2  J 

5.80 

6  aH  ♦  40 

0 

83.7  J 

13.8  J 

6.08 

0 . 2  ;.F  |  | 

200  0 

84.1  J 

13.8  J 

6.08 

10/10)0  pi 

i  wave  torn, 

800  V  peak. 

K0  -  10  0 

no  lozd 

11.1  J 

l.<*  J 

7.82 

6  aH  +  CO 

a 

10.7  J 

1.2  J 

8.90 

0  2  nF  | | 

200  a 

11.0  J 

1.4  J 

8.07 

PSPICE,  version  3.06.  The  value  of  V  vaa  calculated  by 
a  trapezoidal  rule  integration  using  the  values  of  V 
and  I  froB  the  PSPICE  prograa.  The  results  are  given 
in  Table  1.  The  ratio  U /tf*  is  useful  as  a  correction 
factor:  when  Wg  is  multiplied  by  this  factor,  one 
obtains  the  true  energy  froa  the  output  terainals  of 
the  source. 

The  results  are  easy  to  interpret.  First, 
consider  the  EFT  vavefora.  Vhen  the  load  haa  a  large 
impedance  at  high  frequanclea  (no  load,  motor  load), 
the  value  of  W»  is  about  twice  the  value  of  V.  By 
inspection  of  Fig.  3.  it  is  easy  to  saa  that  the 
differential-mode  impedance  seen  by  high  frequency 
terns  froa  the  source  is  100  0,  not  50  0  used  in  the 
calculation  of  Vg.  This  ratio  of  values  of  Z  accounts 
for  the  fact  chat  W/Wg  is  not  unity.  The  problea  is 
not  in  the  circuit  chosen  for  Fig.  3,  since  this 
dif ferential  -mode  impedance  agrees  wall  with 
measurements  of  actual  branch  circuits,  aa  discussed 
above.  When  the  load  has  a  snail  impedance  at  high 
frequencies  (e.g..  0.2  yF  load),  the  value  of  Vg  tends 
to  be  saaller  than  V 

For  a  long  duration  vavefora,  such  as  the 
10/1000  us  wave,  the  impedances  of  the  50  uK  and  230  u_l 
series  inductances  In  Fig.  3  art  negligible  coopered  to 
the  resistance  values.  The  dif ferential-aode  lspedance 
has  a  low« frequency  limit  of  6.25  0.  which  is  a  factor 
of  1/B  of  the  50  0  value  used  in  tne  coaputation  of  '-V. 
This  ratio  of  iapedances  accounts  for  most  of  the  ratio 
of  y/wE. 

The  results  for  the  moderate  duration  waveforms 
fail  between  the  two  Halting  cases  of  the  EFT  and 
10/1000  us  waveforms. 

Where  the  source  of  the  overvoltage  is  contiguous 
to  the  measurement  point  and  there  ate  no  varistors  or 
flashov*. r.  the  ratio  of  U/V-  is  between  0.5  and  9  for 
the-  12  cases  presented  in  this  paper.  While  these 
correccion  factors  might  seea  to  indicate  that  Vg  could 
be  used  as  a  crude  estimate  of  W,  these  factors  were 
obtained  from  the  unrealistic  assumption  that  the 
measuring  point  for  V(t)  was  contiguous  to  tha  source 
of  the  overvoltage  and  that  there  were  no  reflections. 


Fig.  5  Simple  representative  circuit  diagram  for 
propagation  of  overvoltages  inside  a 
building.  The  cylinders  represent  ideel 
txenrmi salon  lines  with  a  character ittic 
imps  ‘ance  of  100  0. 

source  an  different  branch  than  XslSiUt  BtasvrgBfiHt 

Vhen  the  source  of  tha  overvoltage  is  unknown,  the 
measured  voltage  data  would  rareLy  coae  froa  a  point 
that  was  contiguous  to  tha  source  as  in  Fig.  3.  A  more 
typical  situation  is  shown  in  Fig.  5.  An  overvoltage 
source  is  located  at  point  A  cn  one  branch.  There  are 
six  other  branches,  which  are  terminated  by  loads 
through  Zc.  Point  B  in  Fig.  5  represents 
distribution  panel  in  tha  building  whara  tu» 
overvoltage  originated.  The  voltage  V(t)  is  measured 
across  the  load  on  one  of  the  branch  circuits. 


Vhen  the  overvoltage  reaches  point  B,  It  splits 
into  eight  parts.  One  part  propagates  out  of  the 
building  into  the  utility  network.  One  fart  is 
reflected  back  toward  the  source  of  tha  overvoltage  by 
the  discontinuity  in  impedance  at  point  B.  The  ocher 
six  parts  propagate  on  the  transmission  lines  that 
represent  the  branch  circuits  Inside  the  building. 
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The  utility  network  say  be  modeled  by  the 
artificial  main*  network  shewn  In  Fig.  3,  with  two 
changes.  (1)  the  output  impedance  of  the  utility 
network  at  low  frequencies  (l.e..  <  1  kWr)  Is  Modelled 
by  t  0.0  0  resistance  and  a  total  Inductance  of  800  pH 
as  described  In  (17).  A  conventional  artificial  sains 
network  for  laboratory  use  has  such  a  small 
differential-node  component  when  the  sains  are 
connected  to  the  network.  (2)  Became  only 
differential -mod*  voltages  ere  considered,  the 
connections  to  earth  In  Fig.  3  are  deleted  in  Fig.  S. 

the  pair  of  SO  0  resistors  In  the  artificial  sains 
network  that  account  for  tha  characteristic  impedance 
of  the  cable  at  high  frequenciae  natch  the  100  0 
characteristic  Impedance  of  the  transalcslon  line. 

This  prevents  reflections  of  high-frequency  information 
at  the  Junction  between  the  continuous  and  lumped- 
element  representations  of  the  transmission  line. 

eaves  on  the  transmission  lines  are  reflactad  from 
Impedance  discontinuities  presented  by  lseds  that  are 
connected  to  Che  branch  circuits,  Tha  multiple 
reflections  In  this  type  of  network  will  generete  an 
oscillatory  voltage  waveform  across  each  load,  even 
when  the  original  overvoltage  Is  unipolar  [9],  In  the 
limit  of  long  times,  the  transmission  lines  may  be 
neglected:  steady-state  circuit  analysis  will  be 
adequste  19,  151  to  describe  the  voltages,  currents, 
and  energy  in  Fig..  5. 

For  simplicity,  cnly  one  load  is  shown  on  each 
branch  circuit  and  no  additional  buildings  are  shown 
connected  to  the  utility  network  in  Fig.  5,  although 
these  additional  features  may  be  necessary  for  a 
realistic  calculation. 

In  order  to  make  en  accurate  estimate  of  energy 
from  measurements  of  V(t),  it  would  be  desirable  to 
obtain  a  correction  factor,  W/VE,  from  calculations  of 
voltages  and  currents  In  a  representative  circuit,  Such 
as  the  one  shown  In  Fig.  5.  However,  this  la  not 
feasible  since  both  the  length  of  the  branch  circuits 
and  the  complex  iapedance  of  the  loads  that  were 
connected  to  the  mains  in  the  building  where  V(t)  was 
measured  are  usually  unknown. 

VI.  XEASUREKEKT  UF  ENERGY  DEPOSITED  IN  VARISTORS 

Attempts  to  estimate  energy  from  transient 
overvoltages  across  unspecified  branch  circuits  may  be 
desirable  in  order  to  get  es  much  information  as 
possible  from  previous  measurements  of  rare 
overvoltages.  However,  future  measurements  of 
overvoltages  across  tha  mainj  should  be  done  with  a 
representative  protective  device,  such  as  a  metal  oxide 
varistor,  at  the  measurement  point.  It  is  no  longer  in 
doubt  thac  overvoltages  exist.  Numerlesl  data  are  now 
needed  on  how  to  use  appropriate  devices  to  protect 
vulnerable  systems  from  overvoltages. 

Star.dler  (181  described  an  experiment  co  determine 
the  energy  absorbed  in  metai  oxide  varistors  that  are 
connected  across  the  mains  as  shown  In  rig.  8.  Both 
the  current  and  voltage  are  aeasured  In  each  varistor 
with  a  four-channel  digital  oscilloscope,  (This 
experiment  is  now  entering  its  third  year;  results  will 
be  published  in  future  papers.) 

In  addition  to  being  a  relevant  experiment,  using 
varistors  at  the  measuring  point  can  prevent  damage  to 
the  Instrumentation  by  transient  overvoltages.  Tho 
varistor',  also  can  be  used  to  compress  the  voltage 
scale  so  that  common  events  are  In  the  middle  of  the 
voltage  range,  while  rare  events  that  have  a  large 
energy  are  not  beyond  the  full-scale  voltage. 
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Fig.  6  Circuit  diagram  for  experiment  to  measure 
energy  deposited  by  overvoltages  in  two  metal  oxide 
varistors  connected  to  the  mains.  A  pair  of  current 
transformers  and  digital  oscilloscopes  measure  the 
currents  in  the  hot  and  neutral  conductors,  lu  and  I,-. 

A  pair  of  voltage  probes  and  digital  oscilloscopes 
measure  tha  voltages  between  the  hot  and  grounding 
conductors,  VHC ,  and  between  the  neutral  and  grounding 
conductors,  V,jq  . 

There  are  several  reasons  why  the  energy 
dissipated  In  a  varistor  will  be  less  thsn  the  total 
energy  in  the  surge.  Some  of  the  energy  in  the  surge 
will  propagate  on  other  branches  and  may  be  absorbed  in 
ocher  varistors  and  resistive  loads  elsewhera  In  the 
building.  Some  of  the  transient  voltage  will  appear 
across  tha  resistance  of  the  building  wiring  and 
dissipate  energy  In  the  resistance  of  tha  wire.  While 
Che  varistor  will  prevent  fUshover  at  the  measurement 
point,  It  is  passible  that  flashover  might  occur 
upstream  from  the  varistor.  The  aeasured  energy  In  the 
varistor  is  a  lower  bound  for  an  estimate  of  the  total 
energy  In  the  surge. 

It  would  be  desirable  to  Increase  the  fraction  of 
surge  current  thac  is  measured,  and  thus  make  the 
energy  that  Is  measured  In  the  varistor  be  a  better 
approximation  for  the  total  energy  In  the  surge. 

There  ere  two  ways  to  do  this.  (1)  For  experimental 
purposes,  one  might  choose  varistors  with  the  smallest 
clamping  voltage  that  will  not  condjct  appreciable 
current  during  normal  mains  operation.  This  may 
decrease  the  magnitude  of  the  current  In  other  surge 
protective  devices  that  may  be  In  the  environment.  (2) 
The  varistors  should  be  mounted  near  the  circuit 
breaker  panel  at  Che  point  of  entry.  On  average,  the 
distribution  panel  is  the  closest  point  to  a  source  on 
an  unspecified  branch.  Overvoltages  that  propagate 
toward  tha  point  of  entry  will  'see"  the  varistors 
before  anprecleble  overvoltages  propagate  away  from  the 
distribution  penel  on  other  branches  of  the  circuit. 

VII.  CONCLUSIONS 

In  the  introduction  of  this  paper  the  question  was 
posed:  "Can  one  calculate  the  energy  in  an  overvoltage 
from  measurements  of  voltage  alone  ?" 

Where  the  source  of  the  overvoltage  is  contiguous 
to  the  measurement  point  and  there  are  no  varistors  or 
flashover,  calculating  W£  with  Z  -  50  Q  could  be  used 
as  a  crude  estimate  of  W.  However,  the  assumption  that 
the  measuring  point  for  V(t)  was  contiguous  to  the 
source  of  the  overvoltege  is  unlikely  to  be  valid  In 
most  situations.  When  the  source  and  the  measurement 
point  are  on  different  branches,  Wr  is  not  a  good 
approximation  for  W.  This  alone  makes  the  calculation 
of  energy  from  measurements  of  voltage  alone  an 
unreliable  operation.  Consideration  of  flashover  and 
the  effects  of  surge  protective  devices  in  the 
environment  will  further  veeker.  the  relationship 
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between  V  And  Wg.  furthermore ,  the  common-mode  and 
differential-mods  voltagas  are  irretrievably  mixed  in 
any  MituriMnc  of  a  single  voltage  difference  in  a 
three-wire  system,  which  further  complicates  tht 
interpretation  of  tfg  in  theta  situations. 

The  total  energy  in  the  transient  overvoltage  it 
still  of  Interest  as  a  ’varst-case*  exposure  for  a 
protective  device.  However,  as  explained  in  thia 
papar,  thara  Is  little  hope  of  being  able  to  accurately 
determine  the  total  energy  in  a  transient  overvoltage 
except  In  e  laboratory  environment . 


SESSION  4C 

(7!  J.R,  Nicholson  and  J.A.  Malack,  "Reply  to 

Consents  by  K.A.  Southvlck" ,  IEEE  Trans,  EMC . . 
15:199,  1 iv  1973. 

(8]  R.A.  Plat;.  "Intrabuilding  Data  Transmission 
Using  Pew(.--Lir.e  Wiring,"  Hewlett-Packard 
Journal .  18:35-40.  May  1987. 

[9]  R.8.  Standler,  Protection  fl£  Electronic  Circuits 
frote  Overvoltases.  Wiley- Interselenee  ,  Hew  York, 
429  pp. ,  1989. 


A  bathed  for  measuring  energy  diaalpated  in  a 
varistor  is  advocated  for  uaa  in  future  experimsnts, 
While  measuring  the  energy  in  a  varistor  avoids  many  of 
the  problems  associated  with  Ug,  the  energy  dissipated 
in  a  varistor  is  also  an  underestiaata  of  the  total 
energy  in  the  transient  overvoltcgo. 
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